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ABSTRACT 
A tnetabolite of a widely used pesticide, paraoxon, exerted a dratnatic mutagenic 
synergistic effect in Salmonella typhimurium with a nutnber of matntnalian-activated or 
plant-activated aromatic alnines alld heterocyclic amines. The tnutagenic synergy 
required all activated arotnatic mnine, and was not attributable to the generation of new 
mutagenic products or to the tnodification of the stability of the activated aromatic runine 
products. Paraoxon tnodulated the genotoxic potency of dietru·y heterocyclic amines in 
human cells. The results of this study raise the concern of the enviromnental effects of 
organophosphotus ester insecticides. 
A clone of the Chinese hamster ovruy cell line, AS 52, was isolated, chru·acterised and 
ru1alysed under identical treatlnent conditions with the n1utagens 2-acetoxy-
acetylruninofluorene (2AAAF), ethyltnethanesulphonate (EMS), and UV radiation. The 
genetic endpoints included acute DNA dan1age detected in the alkaline single cell gel 
electrophoresis (SCGE) assay, whole cell clastogenicity detected with laser beam flow 
cytotnetry and forward tnutation at a tal·get gene. There were statistically significru1t 
increases in DNA damage and forward n1utation with all three mutagens. Statistically 
significant increases in chrotnosotne dan1age were observed with 2AAAF and EMS but 
not with UV. A non-unifonn distribution of DNA drunage throughout the genome was 
indicated with the chen1ical1nutagens in the SCGE assay. 
Another type of modulation in genotoxic response was investigated whereby 
numerous con11nercial soybean processing products and by-products were analysed for 
their antimutagenic and alltigenotoxic activities. Antimutagenic activity was detected in 
a soybeall processing by-product, soybean tnolasses and in all ethanol extract, fraction 
11 
PCC. PCC protected tnammalian cells against direct DNA dan1age, clastogenic datnage 
atld point n1utation induced by 2AAAF. A fraction ofPCC, PCCIOO was an effective 
anthnutagen intnanu11aliat1 cells and in human lytnphocytes. Analytical chetnical studies 
identified the compow1ds responsible for the anthnutagenic activity as the soyasaponins 
I, III and V. 
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CHAPTER! 
INTRODUCTION 
-------------------------------
1.1 Introduction 
With the evolution of life on earth 3.5x109 years ago, organisms have been exposed 
to environmental mutagens or genotoxins that have the capacity to induce damage to the 
genetic tnaterial or alter the proper functioning of the genetic material. Each species has 
evolved an optitnal mutation rate. This mutation rate is an extremely fine balance; too 
low a tnutation rate will limit variation and in an evolutionary sense will be unsatisfac-
tory. An increase in mutation rate might create such undesirable events such as genomic 
instability or the accumulation of recessive lethal alleles in the population. 
The spontaneous mutation rate of each species has evolved with titne, however, one 
n1ight speculate that the average genotnic tnutation rate should be constant for all living 
systetns. This reasoning is based on evolution and the fitness of living organisms. Drake 
(1991) calculated the 111ean genotnic tnutation rate in DNA-based microbes and found 
that in organisms as diverse as bacteriophages to Neurospora crassa, mutation rates per 
genome averaged 0.0033 per DNA replication. This value varied between species only 
by approxhnately 2.5-fold. The tnean mutation rate per base pair was inversely 
propot1ional to genotne size. This evolved genomic n1utation rate appears to be the result 
of the balance between the deleterious effects of tnutation and the molecular complexity 
required to fiuther reduce tnutation rates (Drake, 1991). 
The study of damage to genetic n1aterial is known as genetic toxicology; the most 
detritnental result arises frotn the transtnission of m1suitable n1utations to future 
generations. The first physical mutagen, X -rays, was discovered to induce tnutation in 
Drosophila melanogaster (Muller, 1927) followed by the discovery of the first chetnical 
mutagen, mustard gas in 1943 (Auerbach, 1949). In the last fifty years events have 
2 
occuned that may have global consequences to mutation, cancer and atherosclerosis rates 
(Sorsa, 1980). In the 1940s there was a significant expansion of the petroche1nical 
industries. Widespread production and distribution of synthetic organic pesticides began 
in the 1950s. Many of these pesticides have now been banned due to their toxic and 
genotoxic properties. In the following decade chemicals referred to as supermutagens 
were discovered. These compounds included purine analogues and alkylating agents such 
as ethyl methanesulphonate (EMS) that possess mutagenic activity with low toxicity. In 
the United States alone, 8.2x 1010 kg of industrial organic compounds were produced in 
1997 (Che1nical & Engineering News, 1998). In otu· evolutionary history, mankind and 
all other living organisn1s have never been exposed to these cmnpounds in such 
quantities. What effects this ever increasing 1nilieu of che1nicals will have on mutation 
rates is unlmown. While so1ne scientists are of the opinion that cancer is largely due to 
life-style (Doll and Peto, 1981 ), others believe that the increasing cancer rates of today 
reflect increasing exposure to carcinogens in the workplace and the environment (Epstein, 
1990). In addition to mutation and cancer rates, there is also concern about the effects of 
oestrogen-like che1nicals on reproductive systen1s (Adlercreutz, 1995). 
Cunently, the mutagenic and genotoxic effects of individual chemicals are analysed 
independently. Yet, in everyday life we are chronically exposed to 1nany chemicals 
shnultaneously on a daily basis. An exceedingly impo11ant area of genetic research is the 
n1odulation of genotoxic responses of n1utagens by environmental agents. 
A modulation or change in genotoxic response may be observed as either an increase 
or a decrease in a specific response. An increased response could be due to co1nbinations 
of che1nicals with additive single effects or to a phenmnenon tenned synergy. Mutagenic 
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or genotoxic synergy is the interaction of two or more agents that causes an increased 
response, greater than the stun of their individual genotoxic effects. Antimutagenesis is 
the scientific field devoted to the study of agents and tnechanistns whereby the mutation 
frequency or extent ofDNA drunage is decreased by the addition of specific agents. This 
research project focussed on two exrunples of the tnodulation of mutagenic and genotoxic 
responses by enviromnental agents ru1d agronotnic crop processing by-products. One 
study concentrated on the n1utagenic and genotoxic synergy between ru·omatic and 
heterocyclic runines in the presence of pru·aoxon, the metabolite of the organophosphorus 
ester pesticide, pru·athion. Another exrunple of modulation was represented by a study of 
antimutagens isolated from comtnercial soybean processing by-products. In each study 
the tnodulation in response was cotnpared to the datnage induced by a direct-acting 
mutagen or by a prmnutagen with a tnrunmaliru1 or plant activation system. A promutagen 
is a chetnical that is not mutagenic in itself but can be biologically transforn1ed into a 
n1utagen. The class of protnutagens that were employed in these studies belong to the 
aromatic runines. 
1.2 Aromatic Amines 
Aromatic atnines ru·e classical promutagens ru1d procru·cinogens ru1d have been used 
as tnodels for studying tnutagenic activation, cancer induction and the identification of 
htunrul polytnorphistns for their metabolistn (Weisburger, 1988). Mru1y ru·on1atic runines 
ru·e used in industry as intennediates in the commercial production of dyestuffs, plastics 
and phru·maceuticals. The phenylenedirunines (monocyclic arotnatic amines) have been 
listed by the U.S. Environn1ental Protection Agency as global environmental contruni-
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nants. The tnetabolic activation of these protnutagens to genotoxic products by n1anunals 
and plants 1nay pose a hazard to the environment and to the public health. 
The tnetabolism of xenobiotic prmnutagens is divided into two types of reactions, 
Phase I and Phase II (Table 1-1 ). Phase I reactions which include oxidation, reduction and 
hydrolysis 1nodify the structure of a xenobiotic by introducing a functional group that 
will be suitable for Phase II reactions. Phase II reactions include conjugation, the addition 
of highly polar endogenous groups such as glucuronic acid, sulphate, glutathione or 
glycosides to the functional group introduced by the Phase I reactions. Conjugation 
renders the foreign con1pound more water soluble and enhances excretion in anitnals and 
storage in the vacuole or the cell wall in plants. Although Phase II reactions often result 
in the detoxification of n1utagens, both Phase I and Phase II reactions can produce species 
that react with DNA. 
Aromatic mnines including 2-atninofluorene and 2-acetylmninofluorene are well-
characterised n1amtnalian protnutagens and procarcinogens (Miller m1d Miller, 1969; 
Schut et al., 1978; Brauns et al., 1981). These agents are substrates for activation by 
Phase I reactions, such as those mediated by cytochrome P450 (Guengerich et al., 1988), 
the flavin tnonooxygenase system (Frederick et al., 1982) as well as by cellular 
peroxidases such as prostaglandin H synthase (Eling et al., 1988) and plant peroxidases 
(Wagner et al., 1990; Plewa et al., 1991; Gichner et al., 1994a; Ju and Plewa, 1997a). In 
n1runn1alian systetns, cytochrmne P450 enzytnes ru·e abundant in the tnicrosomal fraction 
of hepatocytes. Many isozytnes of cytoclu·ome P450 exist with overlapping substrate 
specificities (Thnbrell, 1991). Unlike tnost enzymes, animal cytochrotne P450 has a low 
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degree of substrate specificity. There are many different substrates that tnay be 
metabolised but also one substrate 1nay be 1netabolised to several products. 
Table 1-1. Enzymes involved in the metabolic activation of 
promutagenic chemicals. (Adapted from Hejlich, 1991). 
Enzyme Activity Reactions Catalysed Location 
Phase I Reactions 
Cytochrome P450 Hydroxylation and Microson1al 
epoxidation of aliphatic 
and arotnatic com-
potmds; N-, 0-, and S-
dealkylation; desulphura-
tion, dehalogenation 
Arene oxide, chrotnate, 
N-oxide, nitro and azo 
reduction; dehalogena-
tion 
Peroxidases Cooxidation of runines, Microsomal, Cytoplastnic 
polycyclic aromatic 
hydrocarbons 
Flavin-containing Oxidation of prilnru·y, Microsomal 
mono oxygenase secondru·y, tertiary 
runines, hydrazines, 
orgru1ic sulphur 
Epoxide hydrolase Hydrolysis of epoxides Microsomal, Cytoplasmic 
to dihydrodiols 
Miscellaneous reductases Nitro, quinone, and azo Microson1al, Cytoplasmic 
( tnruntnalian) reduction 
(bacterial) Reduction of nitro, azo -
groups 
Monorunine oxidase Oxidation of primru·y, Mitochondrial 
secondary and tertiary 
runines 
Carboxy 1-esterases/ Hydrolytic cleavage of Microsotnal 
runidases carboxylesters/atnides Mitochondrial 
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Table 1-1. Enzymes involved in the metabolic activation of 
promutagenic chemicals. (Adapted from Hejlich, 1991). 
Enzyme Activity Reactions Catalysed Location 
Phase II Reactions 
Glutathione S-transferase Conjugation of electro- Microsotnal, Cytoplastnic 
philes with glutathione 
UDP-Glucuronosyl- Glucuronidaton of Microsotnal 
transferase nucleophilic atoms 
Sulphotransferase Sulphation of nucleo- Cytoplasmic 
philes 
Methyltransferases Methylation of atnines, Microsotnal, Cytoplasmic 
phenolic oxygens, 
heterocyclic nitrogens 
N-Acetyltransferase Acetylation of mnino Cytoplasmic 
nitro gens 
0-Acety I transferase Acetylation of hydroxy 1- Cytoplastnic 
an1ines 
N, 0-Acyltransferase O-Acetyltrm1sfer of Cytoplasmic 
N-hydroxy arylamides 
t-RNA Synthetases Conjugation of hydroxyl- Cytoplasmic 
amines with atnino acids 
The cytochrome P450 gene superfatnily consists of 13 gene families. Each 
superfan1ily is divided into subfmnilies. The prhnary fatnily of cytochrotne P450 that is 
responsible for the activation of arotnatic atld heterocyclic atnines is CYP 1 (Ioannides 
and Pm·ke, 1990). 
Activation by cytoclu-mne P450 involves N-oxidation, which results in the generation 
of N-hydroxym·ylamines (Figtu·e 1-1). The m·ylrunine ru1d its N-oxidised metabolite tnay 
be substrates for N-acetylation resulting in arylamides ru1d arylhydroxrunic acids, 
respectively. Arylamides may also be N-oxidised. Both m·ylamides and arylhydroxamic 
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acids 1nay be deacetylated by microsomal deacetylase, to arylamines and N-hydroxyaryl-
amines. Cytoclu·o1ne P450 also is capable of catalysing hydroxylation of the ru·on1atic 
rings which constitutes a detoxification pathway. AcetylCoA-dependent N-hydroxyaryl-
amine 0-acetyltransferases (OAT) in Salmonella typhimurium and N-acetyltransferases 
in mruntnals are enzytnes involved in the activation of N-hydroxyarylatnines. 
The products of Phase I reactions such as N-hydroxyarylamines can be further 
tnetabolised by Phase II reactions (Figure 1-1 ). These reactions include spontru1eous 
hydrolysis, and enzyn1es such as sulphotransferase, 0-acetylase and N, 0-acyltransferase. 
The resulting reactive intennediates can be spontaneously degraded to electrophilic fonns 
that react with DNA and generate DNA adducts. 
The tnajor site of DNA binding by arylmnines and arylmnides activated by N-
oxidation is the C8 position of deoxyguanosine. When N-hydroxym·ylru11ides are 
activated by sulphotransferase, N-acetylated DNA adducts are fonned at the C8 and N'7 
positions of deoxyguanosine. N-acetylated adducts are typically tninor products in vivo 
due to the activity of cotnpeting pathways that result in the production of deacetylated 
adducts (Heflich, 1991 ). Differences among tissues, individuals or species in their 
sensitivity to these chetnicals relate to corresponding differences in the enzyn1es 
involved. 
Arotnatic amines may also be activated by peroxidases. Prostaglandin H synthase 
(PHS) tnay tnetabolise ru·ylmnines by a one-electron 1nechru1ism that does not involve N-
hydroxylation (Eling et al., 1988). Activation by this pathway may be of pm·ticular 
hnpmiance in certain extrahepatic tissues, including the bladder. 
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In the n1odel of Stnith et al., (1992), the activation of benzidine was PHS-mediated and 
induced tnutations inS. typhimurium expressing OAT. This pathway proposed that (i) 
bacterial acetyltransferase converted benzidine into N-acetylbenzidine, (ii) PHS catalysed 
N-acetylbenzidine to 4-nitro-4'(acetylamino)biphenyl, (iii) 4-nitro-4'(acetylamino)-
biphenyl was a substrate for bacterialnitroreductase and was converted to N-hydroxy-N ｾ＠
acetylbenzidine, (iv) the N-hydroxy product was acetylated to an N-acetoxy ester 
intermediate by 0-acetyltransferase, and (v) the spontaneous deacetylation of the acetoxy 
moiety lead to a highly reactive nitrenhun ion (Figure 1-2). However, the activation in 
bacterial cells differed from PHS-tnediated arylamine DNA binding in vitro or in dog 
bladder epithelitun (Petry et al., 1988). The peroxidative pathway intnammals is pH 
dependent. 
Cytochrotne P450-dependent tnetabolism in plants has been detnonstrated (Russell, 
1971; Fotme-Pfister et al., 1988; Halkier and M0ller, 1991; Song and Brash, 1991). 
Plants contain exceedingly low levels of cytochrmne P450 that are difficult to isolate and 
purify (Chapple, 1998). Plant cytoclu·otne P450 in higher plants exhibit nanow substrate 
specificity in contrast to the tnatntnalian cytochromes P450 (Dohn and Krieger, 1981; 
Higashi, 1985; Taton and Rahier, 1991; Pierrel et al., 1994; Bak et al., 1997). It is unclear 
whether a systetn equivalent to the chetnical-induced hepatic monooxygenases with a 
broad specificity is present in higher plants. It was suggested that the physiological role 
of cytochrotne P450 in higher plants n1ight be different from that in mammals (Sander-
tnaru1, 1982; Higashi, 1988). By contrast, peroxidases are abundant and widely 
dissetninated in plants. Plant peroxidases have been hnplicated in diverse functions 
including pathogen defence, cell elongation and lignification (Greppin et al., 1986). 
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Plant peroxidases have a wider range of substrate specificity than that observed for plant 
cytochrotne P450 monooxygenases, and resemble mammalian cytochrotne P450 with 
respect to the versatility of reactions that are catalysed (Stiborova and An.zenbacher, 
1991; Sandetmarul, 1982). Multiple pathways were proposed for the tnutagenic activation 
of 2-atninofluorene (2AF) by horseradish peroxidase involving a direct conversion of 
2AF to an amine radical or N-hydroxylation followed by the fonnation of the reactive 
nitrenium ion (Sandern1ann, 1988). Using atl assay that involves the coincubation of 
(Nicotiana tabacum) 
tobaccoAcells and specificS. typhimurium strains, it was den1onstrated in otu·laboratory 
that tobacco cell peroxidases have the capacity to activate a nwnber of protnutagenic 
aromatic runines (Plewa et al., 1983; Plewa et al., 1991; Plewa and Wagner, 1993; Ju and 
Plewa, 1997a). The plant-activated n1utagenic products were isolated atld the n1olecular 
weight lhnits were determined by tnetnbrane ultrafiltration chrotnatography. The plant-
activated n1etabolites differed frotn tnamn1alian activation in that the n1utagenicity was 
isolated in a high molecular weight fi:action, 300-1000 kDa (Plewa et al., 1993; Seo et 
al., 1993). In a recent study, the high molecular weight isolate of plru1t-activated 
benzidine or 4-atninobiphenyl was assayed inS. typhimurium strains that expressed 
different levels of nitroreductase in order to compare PHS- atld plant peroxidase-
mediated pathways of m·omatic at11ine activation. These studies indicated that at least two 
classes of plant-activated ru·mnatic an1ine substrates were formed. One class required 
bacterial 0-acetyltransferase (OAT) alone to be activated into a tnutagen and another 
class required both OAT ru1d nitroreductase to be converted into their ultimate mutagenic 
product(s) (Ju and Plewa, 1997b). Recently an association was demonstrated between 
pectin ru1d the tnacromoleculm· tnatrix in the plant cell culture mediun1 (Plewa et al., 
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1996; Stavreva et al., 1997). These data suggest that the plant activation of aromatic 
amines tnay be intitnately involved in the process of lignification and cell wall synthesis. 
1.3 Genotoxic Synergy 
Genotoxic synergy is the phenomenon whereby the cotnbined action of two or more 
agents exceeds the stuntned genotoxic potency of the individual agents. In the simplest 
case of a binary cotnbination, synergy tnay occur between (i) two tnutagens, (ii) one 
n1utagen and one chetnical that is not tnutagenic by itself, or (iii) two agents that are not 
tnutagenic by thetnselves but become tnutagenic in the presence of each other. 
1.3.1 Mechanisms of Synergy 
Synergy may be due primarily to a single tnechanistn or tnay involve tnultiple 
mechanisn1s. These include, but are not lin1ited to: 
• an increase in the uptake of a n1utagen, 
• a direct interaction between two agents to generate a tnore potent mutagen, 
• the induction of metabolising systen1s that results in an increase in activation, 
• the blocking of detoxification pathways, 
• a n1odification of the stability of an intennediate, 
• an alteration of the DNA repair systetn. 
C01nutagenesis is the process in which agents that are not tnutagenic with or without 
an activating systen1, becotne n1utagenic in the presence of a second agent that is also not 
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1nutagenic by itself (Nagao et al., 1977a; Nagao et al., 1977b). One of the best 
docwnented exmnples of comutagenicity is that of norhm·man. Norhm1nan, a P-cm·boline, 
is formed by heating tryptophan m1d is present in cigm·ette stnoke condensate and in fried 
n1eat and fish (Poindexter m1d Cm-penter, 1962; Wakabayashi et al., 1992). The chemical 
structw·e of norharman is related to other heterocyclic runines which were identified as 
tnutagenic pyrolysis products. Norhru1nan was not tnutagenic but when incubated with 
agents that were not tnutagenic themselves, such as aniline or a-toluidine with S9 
mamtnalian activation, a n1utagenic response was observed inS. typhimurium T A98. A 
metabolic activation system was necessary for comutagenicity. Many 1nechru1isms for the 
comutagenicity of norharman were proposed (de Meester, 1995). These included the 
fotmation of a new 1nutagenic species (Gonod and Iles, 1988; Gorrod and Iles, 1991 ), a 
modulation of enzyme activity (Fujino et al., 1980) or a decreased capacity in DNA 
repair (Sasaki et al., 1992; Shin1oi et al., 1992). A direct interaction between norhru1nan 
and aniline with S9 mruntnalian activation with the subsequent formation of a coupled 
tnutagenic compow1d, runinophenylnorhannan, was detnonstrated recently (Totsuka et 
al., 1998). Ftnther metabolistn of this cotnpound resulted in the fotmation of the ultimate 
mutagen. 
Multiple tnechanisms were attributed to the tnutagenic synergy inS. typhimurium 
TA98 with the non-tnutagenic butylated hydroxytoluene (BHT) and the mutagen 3,3'-
dichlorobenzidine (DCB) (Ghosal ru1d Iba, 1992). Enhanced mutagenicity was due to an 
increase in the fonnation of a known DCB metabolite, the formation of a novel DCB 
metabolite and increased levels of covalent binding to DNA. 
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Mutagenic synergy has been reported in a nmnber of plant and anitnal systems, 
especially in the induction of somatic tnutations in the stamen hairs of Tradescantia. In 
this plru1t, synergy was described between X-rays and the alklyating agents, ethyl 
tnethru1esulphonate (EMS), tnethyltnethanesulphonate (MMS), dimethylsulphate (MMS) 
and N-ethyl-N-nitrosotuea (ENU) (Cebulska-Wasilewska et a!., 1981; Shin1a atld 
Ichikawa, 1994; Shitna ru1d Ichikawa, 1995; Shitna and Ichikawa, 1997). Since an 
increase in peroxidase activity accotnpanied the synergistic effect in Tradescantia with 
X-rays at1d the pron1utagen, tnaleic hydrazide (MH), it was suggested that synergy was 
the result of an increase in the activating enzytnes of MH (Xiao and Ichikawa, 1996). 
A n1odification of the activating enzymes was invoked in a study with atrazine and 
2,6-dinitrotoluene (2,6-DNT). Atrazine, (2-chloro-4-ethylamino-6-isopropyl-anlino-1-s-
triazine ), a herbicide and widespread environmental contaminant, was adtninistered to 
rats for 5 weeks before the administration of a single dose of 2,6-DNT. There was an 
elevation in the urinary excretion of direct-acting tnutagens as well as atl increase in 
intestinalnitroreductase activity in the rats receiving a cotnbination of atrazine ru1d 2,6-
DNT, as compared to rats receiving atrazine or 2,6-DNT alone. The authors postulated 
that this synergy was the result of the tnodification of activating enzytnes (George et al., 
1995). 
There are few studies on the n1odulation of genotoxic responses ip the single cell gel 
electrophoresis (SCGE) assay by the action of more than one chemical. In Chinese 
hatnster ovary cells, preincubation with tnelatonin, the indole hormone of the pineal 
gland, increased the DNA-drunaging capacity ofmitotnycin C by approximately 3-fold. 
One hypothesis for this synergy was through the enhancement of the tnetabolic reduction 
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of miton1ycin C which would result in higher intracellular levels of the active reduced 
fonn (Musatov et al., 1998). 
The enhancetnent of the mutagenicity of 2-acetylaminofluorene (2AAF) by 1,8-
pyrenequinone was suggested as due to the promotion of two activating pathways (N-
hydroxylation and deacetylation) as well as the inhibition of the detoxifying pathway (C-
hydroxylation) (Okamoto et al., 1982). These same n1echanis1ns were proposed for the 
tnodulation of the mutagenicity of 2-runinofluorene and 2AAF by quercetin (Ogawa et 
al., 1986; Ogawa et al., 1987). 
Pentachlorophenol (PCP), a widely used pesticide, enhanced the mutagenic potency 
of plant-activated or tnammaliru1-activated 2-aminofluorene (2AF) as well as 2-acetoxy-
acetylatninofluorene (2AAAF) when assayed with specific S. typhimurium strains 
(Giclmer et al., 1998). Spectrophoton1etric analysis demonstrated that the rate of 
degradation of 2AAAF was reduced in the presence of PCP. The mutagenic synergy 
111ediated by PCP may be due to an effect on the stability of an intermediate, thus 
allowing tnore of the 2AAAF to enter the cell and become situated neru· the bacterial 
DNA, leading to enhanced mutation induction after the formation of the ultitnate 
n1utagen, the nitrenium ion. 
An alteration in the DNA repair systen1 or an inhibition of DNA repair enzymes has 
been postulated as a mechru1isn1 for synergy in several studies. Exposure to X-rays or N-
nlethyl-N-nitrosolu·ea (MNU) followed by low concentrations of formaldehyde resulted 
in an increase in tnutagenicity in Chinese hamster V79 cells (Grafstrom et al., 1993). 
Cotnpolulds of lead atld cadtnium enhru1ced the tnutagenicity of UV in tnamtnalian cells 
by atl interference with DNA repair (Hartwig, 1994). A synergistic interaction between 
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nickel acetate and gam1na rays was ascribed to the disruption of DNA repair processes 
(Au eta!., 1994). 
1.3.2 Synergy and Risk Assessment 
Most genetic risk assess1nents are based on additivity, the concept of the simple sum 
of the individual effects of two or n1ore chen1icals (Plewa et a!., 1986; Plewa et a!., 
1988a). Synergistic responses are rarely incorporated in risk assessment models; 
however, such responses are extretnely ilnportant in establishing the true toxicological 
characteristics of agents that hnpact upon the environment and the public health (Shelton 
et a!., 1994; Taylor et a!., 1995). The occurrence of genotoxic synergy is of concern 
because it represents an obvious tmderestimation of real risk. The toxicological 
significance of mutagenic synergy 1nay be underestimated (Gichner et a!., 1996; 
Sugin1ura, 1998). The case of synergy between agents that are global envirotnnental 
contmninants and 1netabolites of widely used pesticides represents an especially insidious 
threat to the environ1nent and the public health and warrants investigation. 
1.4 Antimutagenesis 
Antilnutagenesis is the study of agents and mechanisms whereby the mutation 
fi:equency or degree of DNA dmnage is decreased by the addition of specific agents. The 
phenotnenon of antilnutagenesis was discovered by Novick and Szilard in 1952 when 
they found that adenosine decreased the spontaneous n1utation rate a11d reversed caffeine-
induced tnutations of bacteria grown in a chemostat (Liviero and von Borstel, 1996). 
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Since that time the field of antin1utagenesis has expanded and many books and 
international conferences have been devoted to the subject. 
1.4.1 Mechanisms of Antimutagenesis 
Chetnopreventive agents have been categorised into a nmnber of systetns according 
to the n1echanis1n involved. In one classification, a distinction was n1ade between 
inhibitors acting extracellularly and those acting intracellularly (Ramel et al., 1986). 
Antimutagens were divided into two categories, desmutagens and bioantimutagens (Kada 
et al., 1982). Desmutagens described agents that directly interacted with tnutagens 
resulting in their inactivation. Destnutagens are sotnetimes referred to as interceptor 
molecules; actions of many n1etnbers of this class have been reviewed (Harttnan and 
Shankel, 1990). Bioanthnutagens included agents that acted on the repair and replication 
processes of DNA lesions. A detailed classification schetne of antin1utagens based on 
specific tnechanistns of action was developed (De Flora and Rrunel, 1988). This proposal 
was revised to include the concept that tnodulation of tnutagenicity tnay occtu· through 
tnultiple tnechanisms and steps in activation (De Flora et al., 1993; De Flora, 1998). 
Antimutagenesis tnay be due prin1arily to a single mechanistn or a combination of 
1nechanisn1s. These include, but are not litnited to: 
• an inhibition in the uptake of a mutagen, 
• the inhibition of the endogenous fonnation of a n1utagen, 
• a direct interaction between two agents to block activation, 
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• the n1odification of tnetabolising systetns that results in an inhibition of protnutagen 
activation or the induction of detoxification pathways, 
• a blocking or cotnpetition with reactive tnolecules, 
• an alteration of the DNA repair systetn. 
The retnoval of tnutagens and carcinogens by dietary fibres has been well studied 
(Weisburger et al., 1993). The protective nature of dietary fibre may be ascribed to a 
number of factors. The predon1inant effect of insoluble fibre is an increase in faecal bulk 
with a shorter transit titne in the intestinal tract and faster excretion. A nwnber of 
carcinogens are adsorbed irreversibly to insoluble fiber. The mutagenicity induced inS. 
typhimurium strain T A98 by the dietary heterocyclic aromatic atnine carcinogen 2-runino-
3-methylin1idazo[ 4,5-:f]quinoline (IQ) was strongly reduced by lignin, weakly reduced 
by pectin A, and was not affected by cellulose, gum ru·abic or gum guru· (Edenharder et 
al., 1995). The ability of a cru·cinogen to adsorb to insoluble fibre is related to the 
hydrophobicity of the carcinogen, the specific cotnposition of the fibre and is also 
regulated by physiological conditions such as pH (Ferguson et al., 1993; Hru·ris et al., 
1996; Ryden and Robertson, 1996). 
Another mechanism of at1 extracellular nattu·e is the inhibition of the endogenous 
formation of tnutagens. Mutagenic and cru·cinogenic N-nitroso con1pounds ru·e fonned by 
the reaction of nitrogen-containing cotnpounds with nitro sating agents or by metabolic 
activation by intestinal bacteria. Any agent that would inhibit the nitrosation reaction or 
tnodify the metabolic activation of the n1icrobes would exhibit an antimutagenic effect. 
Exrunples of these agents include a plethora of compounds ranging from vitan1ins, such 
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as ascorbic acid and a-tocopherol, to phenolic or sulphur cmnpounds, including butylated 
hydroxytoluene (BHT) and cysteine (Mirvish, 1986; Bartsch et al., 1993). Con1plex 
tnixtures of plant origin such as coffee, tea, and vegetable and fruit juices likewise exhibit 
these same effects (De Flora et al., 1991; Sarkar et al., 1996). 
Mutagens tnay undergo cotnplexation or deactivation tn an extracellular or 
intracellular environment. Physical binding to the mutagen is exemplified by the 
antimutagenic effect of humic acid (Sato et al., 1987). The formation of a chemical 
cotnplex between ellagic acid and aflatoxin B 1 was the mechanism postulated for the 
antin1utagenicity of ellagic acid in S. typhimurium strains T A98 and T A 100 (Loarcapina 
et al., 1996). The fonnation of a complex was invoked to explain the anthnutagenic 
activity of aminobenzoic acid isotners with N-methyl-N'-nitro-N-nitrosoguanidine 
(MNNG) inS. typhimurium strain TA100 (Gicln1er et al., 1994b) as well as the blocking 
of MNNG-induced sister chrotnatid exchanges by casein in Chinese hamster cells 
(Bosselaers et al., 1994). It has been hypothesised that chlorophyll in the diet n1ight act 
as interceptor molecules and forn1 complexes with heterocyclic amine promutagens 
(Hartman and Shankel, 1990; Dashwood et al., 1996; Waters eta!., 1996). 
The 1nodulation of 1netabolism covers a wide variety of events, including the 
inhibition of promutagen activation or the induction of detoxifying mechanistns. Reports 
of agents which inhibit activation are numerous; the recent literature includes such agents 
as palmitic and isopahnitic acid, dietary casein, the antibiotic tiamulin, anthracene, and 
green tea extracts (Nadathtu· et al., 1996; Woodall et al., 1996; Degroene eta!., 1995; Bu-
Abbas et al., 1994a; Bu-Abbas et al., 1994b ). Some of these compounds also exert their 
antin1utagenic activity by a direct interaction with reactive intennediates. 
20 
Blocking or competition with reactive molecules represents another itnportant 
n1echanisn1 of antimutagenesis. It includes the reaction of nucleophiles with electrophiles, 
scavenging of reactive oxygen species, or protection of nucleophilic sites. Oxidative 
datnage to DNA resulting fron1 free radical attack results in strand breaks and oxidised 
bases. Antioxidants 1nay protect against n1utagenesis by scavenging fi·ee radicals atld thus 
lhniting the datnage. One exatnple that illustrates this mechanisn1 is a study in which rats 
were exposed to N-ethyl-N-nitrosotu·ea (ENU) together with ascorbic acid. There was a 
significru1t reduction in the frequency of 6-thioguanine-resistant T -lymphocytes in rats 
given the con1bination of ENU and ascorbic acid as con1pru·ed to the fi·equency in rats 
given ENU alone (Aidoo et al., 1994). 
It has been suggested that protective effects against mutagenesis could be procured 
by an increase of the fidelity of DNA replication, a stimulation of the repair of DNA 
dan1age and by the inhibition of error-prone (SOS) repair systems (Kada eta!., 1982). 
Factors including cobaltous chloride, vanillin and chmmnaldehyde sthnulated RecA-
dependent enor-free recon1binational repair (Ktuoda and Inoue,. 1988). The enor-prone 
SOS repair systen1 is utilised in many of the widely used Salmonella strains for greater 
sensitivity in detecting tnutagens (Atnes et al., 1975). An antitnutagenic effect was 
observed with urine suppressing the SOS repair responses induced by ultraviolet radiation 
(UV) and chetnicaltnutagens including tnitotnycin C (Ikemoto et al., 1994). 
These are but a few exatnples in the ever expanding field of anthnutagenesis and 
anticru·cinogenesis. It should be etnphasised that while the activity of son1e antitnutagens 
n1ay be prhnarily due to a single n1echanisn1, tnany atlthnutagens modulate genotoxic 
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responses tlu·ough n1ultiple mechanisms. In addition, the mechanisms of tnany antimuta-
genic agents are as yet unla1own. 
1.4.2 Antimutagenesis by Flavonoids and Saponins . 
This research project encompassed a study of antimutagens isolated from conunercial 
soybean processing by-products (Chapter 6). During this work flavonoids and saponins 
were identified as two classes of possible anthnutagens. 
In general, flavonoids possess antiinutagenic activities although sotne are also 
mutagenic (Nagao et al., 1981; Sangwan et al., 1998). Myricetin inhibited the tnutagen-
icity of both 4-nitroquinoline 1-oxide ( 4NQO) and unfractionated cigarette smoke inS. 
typhimurium strains TAlOO and TA98, respectively (Crunoirano et al., 1994). However, 
tnyricetin and another flavonoid rutin were also tnutagenic following metabolic 
activation. Some antioxidants including green tea catechins, and the flavonoids, luteolin 
and quercetin suppressed the formation of the heterocyclic an1ines, 
2-anlino-3,8-ditnethylhnidazo[ 4,51]quinoxaline (MeiQx) and 2-amino-1-tnethyl-6-
phenylitnidazo[4,5-b]pyridine (PhiP) (Oguri et al., 1998). Antioxidants including 
genistein and daidzein fr01n soy products, and lycopene, the active antioxidant frotn 
tomatoes, inhibited the tnutagenicity ofPhiP inS. typhimurium (Weisburger et al., 1998). 
There was generally a close agreetnent between the antimutagenic activity of flavonoids 
against IQ inS. typhimurium and their inl1ibition of 7-ethoxyresorufin-0-deethylase 
(EROD) and 7-tnethoxyresorufin-0-detnethylase (MROD) (Edenharder et al., 1997). 
These authors and others implicated the mechanism for the antitnutagenic effects of 
specific flavonoids as an inhibition of cytochrome P-450-dependent IAI and 1A2 
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n1onooxygenases (Kanazawa eta!., 1998). Additional factors influenced antitnutagenic 
activity, because genistein inhibited MROD activity without affecting the tnutagenicity 
ofiQ. The flavonoid, galangin suppressed the 1nutagenicity of N-methyl-N-nitrosourea 
(MNU) inS. typhimurium TA100 and suppressed the clastogenicity ofMNU in a mouse 
1nicronucleus assay (Sohn eta!., 1998). 
In the SCGE assay, the flavonoids quercetin, kaempferol and rutin were genotoxic in 
htunan lymphocytes (Anderson et al., 1997a). In combination with the dietary 1nutagens, 
3-runino-1-tnethyl-5H-pyrido[4,3-b]indole (Trp-P-2) ru1d IQ, the flavonoids produced an 
increase or synergy of response at the lowest doses of the flavonoids followed by 
antigenotoxicity with higher concentrations. Similru· responses were observed with the 
flavonoids silyn1arin and myricetin in cotnbination with the dietary mutagen PhiP 
(Anderson eta!., 1997b; Anderson et al., 1998a). 
Saponins are widely distributed in plants, especially in many legtunes (Price et al., 
1986). Diverse biological properties of saponins have been repo1ted including anti oxida-
tive, ru1tihunour-pro1noting ru1d inhibitory HIV infection activity (Ohminruni et al., 1984; 
Yoshiki eta!., 1996; Konoshima eta!., 1992; Nakashima eta!., 1989). Soybean saponins 
inhibited the growth of the hmnan colon ttunour cell line HCT -15 acco1npanied by an 
alteration in cellular 1norphology (Rao and Sung, 1995). Soybean saponins including 
soyasaponin I prevented drunage induced by hydrogen peroxide in mouse fibroblast cells 
(Yoshikoshi et a!., 1996). It has been suggested that a physiological role of saponins is 
to protect the soyberu1 against oxygen radicals (Y oshiki et al., 1998). 
Cotnpru·ed to the flavonoids there is a paucity of inforn1ation in the scientific literatm·e 
on the 1nutagenicity or a11thnutagenicity of saponins. One study identified the flavonoid, 
23 
luteolin, as a strong antitnutagen against Trp-P-2, inS. typhimurium (San1ejima et al., 
1995). However, other phytochetnicals including chrotnosaponin I and soyasaponin I did 
not suppress the mutagenicity ofTrp-P-2. Nine con1pounds including three saikosaponins 
were exan1ined for their effects on the tnutagenicity of a direct-acting mutagen, 2-(2-
furyl)-3-(5-nitro-2-furyl)acrylrunide (AF-2) inS. typhimurium (Ohtsuka et al., 1995). 
When treated sitnultaneously with AF-2, saikosaponin d detnonstrated a slight 
enhancement in AF-2-induced tnutagenicity while saikosaponin a or chad no effect. 
When the saikosaponins were exposed to bacteria previously treated with AF-2, 
saikosaponin d had no effect, saikosaponin c was a weak inhibitor and saikosaponin a 
inhibited the tnutagenicity of AF -2. 
1.5 Critical Evaluation of Synergistic and Antimutagenic 
Responses 
The following ru·e caveats when interpreting data frmn studies that measure the 
n1odulation of genetic responses. Most of the literature is based on bacterial assays and 
extrapolation to in vivo situations is difficult if not impossible (Ioamlides et al., 1993a). 
In sotne studies, antimutagenic effects have corresponded with the suppression of 
clastogenicity in mamtnalian systems (Rauscher et al., 1998; Sohn et al., 1998). 
However, other studies have shown that in vitro tnechanisms of antitnutagenicity ru·e not 
always operative in vivo (Bu-Abbas et al., 1994a; Knas1niiller eta!., 1996). 
The genotoxicity of a protnutagen is dependent upon the presence of reactive 
tnetabolites. While Phase I enzytnes ru·e generally considered to be involved with 
activation and Phase II enzytnes with detoxification, both Phase I and Phase II reactions 
24 
can produce species that react with DNA. Such Phase II enzytnes as glutathione S-
transferase have the capacity to activate promutagens, in some cases even to a higher 
degree than phase I enzytnes (Thier et al., 1995; Paolini et al., 1996; Cantelli-Forti et al., 
1998). In conclusion, it tnust be remetnbered that the cell dynamics of simultaneous 
enzytne systems, both con1petitive and cooperative, activating and detoxifying, presents 
a con1plex contintuun of events that affects the ulthnate biological consequence of a 
tnutagenic insult. The biological consequence of a xenobiotic is detern1ined by many 
factors (Figure 1-3). 
The cotnpetent construction of experimental designs and the avoidance of artefacts 
are crucial when evaluating phenon1ena as cotnplex as synergy or antitnutagenicity. It is 
hnportant to analyse a wide concentration range of the modulator under study. Depending 
upon the thiol concentration, specific thiols exhibited enhancement or inhibition of the 
n1utagenicity ofpron1utagens (De Flora et al., 1992). Likewise, the concentration of the 
n1utagen is vital. In bacterial assays, excessive amounts of mutagen tnay result in 
overlapping colonies, making it difficult to assess possible enhancetnent, or in toxicity. 
Toxicity has been termed one of the main sotu·ces of artefacts (De Flora et al., 1992). In 
I 
antitnutagenesis studies, a decrease in the nmnber of reve11ants with increasing 
concentration of agent is equated with inhibition. However, this decline would be 
observed if the agent was toxic to the bacteria. The viability of the genetic indicator 
organistn as well as any intact activation system are parameters that are crucial to include 
in experin1ental designs. It has been detnonstrated that the decline in 2AF ｾｩｮ､ｵ｣･､＠ T A98 
revertants by tnetyrapone was due not to a true inhibition of activation but rather to 
toxicity in the tobacco cell activating systetn (Wagner eta!., 1989; Plewa, 1993). 
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Figure 1-3. Summa1y of the metabolic activation and deactivation of 
chemicals. (From Ioannides et al., 1994a). 
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Viability is also an impot1ant consideration in the single cell gel electrophoresis (SCGE) 
assay. In this assay, it is difficult to distinguish true genotoxic datnage frotn cytotoxic 
damage. In a cotnparative study of cytotoxins atld genotoxins in the SCGE assay, 
cytotoxins induced increases in DNA migration in cases where viability was ｾＷＵＥ＠
(Henderson et al., 1998). These atld other concerns on the generation of at1efacts were 
taken into account when designing the experhnental protocols in the current studies. 
1.6 Objectives 
The environment in which all living organisms exist is a milieu of agents. Because of 
this, the tnodulation of 1nutagenic or genotoxic responses is exceedingly hnportm1t. 
Paraoxon is a tnetabolite of pm·athion, atl orgat1ophosphorus ester insecticide. This class 
of insecticides m·e the most heavily used in the United States. The synergy 1nediated by 
paraoxon with arotnatic atld heterocyclic atnines might represent a cause for concern 
because of the widespread exposure to these 1naterials (Chapter 3). On the other hand, a 
decreased mutagenic or genotoxic response by a specific agent tnight be beneficial for 
the prevention of cet1ain diseases. One approach hypothesised to reduce the rate of cm1cer 
incidence is to increase the public consutnption of anthnutagens and anticm·cinogens 
obtained fro1n agronomic crops. Soybean was chosen for this work because it is one of 
the tnajor agronon1ic products of the world at1d the United States produces approxitnately 
half of the global soybeat1 crop. The alkaline single cell gel electrophoresis assay (SCGE) 
and laser beam flow cyto1netry were proposed as two methods to systetnatically analyse 
soybean processing by-products for their ability to repress the induction of DNA strand 
breaks (SCGE) at1d clastogenic datnage (flow cytotnetry) after exposure to carcinogens 
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(Chapter 6). An integral part of this research program is the calibration of genetic 
endpoints using specific 1nutagens. This calibration study was undet1aken to reduce the 
possibility of ru1efacts in our experin1ental designs. The genetic endpoints include acute 
DNA dmnage, whole cell clastogenicity and forward tnutation in an isolated clone of 
Chinese hatnster ovary (CHO) cells. This battery of assays tneasm·es different types of 
genotoxic events at the level of DNA, the gene and the chrotnosotne. The SCGE assay 
is gaining widespread use in genetic toxicology, yet very few studies have quru1tified this 
assay with other genetic endpoints such as forward 1nutation in the same cell line under 
identical treatment conditions. The significru1ce of an increase in dan1age detected with 
the SCGE assay is unknown. This is the first thne that forwru·d n1utation, DNA strand 
breaks, as tneasm·ed in the SCGE assay, ru1d whole cell clastogenicity, as tneasured with 
flow cyto1netry, have been calibrated tn1der identical treatment conditions in ru1 isolated 
clone of a n1runmalian cell line (Chapters 4 ru1d 5). 
The specific objectives of this research are: 
• to evaluate the 1nutagenic synergy of paraoxon and aromatic or heterocyclic an1ines 
after plant-activation and matntnaliantnicrosotnal activation inS. typhimurium, 
• to cotnpare the n1utagenic synergy of paraoxon and m·otnatic or heterocyclic mnines 
in S. typhimurium with genotoxic dmnage in hun1an lymphocytes with the single cell 
gel electrophoresis (SCGE) assay, 
• to investigate possible mechanism(s) of the paraoxon-n1ediated synergistic response, 
• to isolate and characterise a single clone of Chinese hmnster ovary (CHO) cells, 
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• to analyse, calibrate and cotnpare in this clone fotward mutation, DNA damage in the 
SCGE assay and whole cell clastogenicity tneasured with laser berun flow cytotnetry 
with the n1utagens, ultraviolet radiation, ethyl methru1esulphonate and 
2-acetoxyacetylaminofluorene, 
• using the endpoints mentioned previously, evaluate the antitnutagenic activity in 
cultured mammalian cells or human lymphocytes of chetnically defined fractions 
isolated fi·on1 a cotntnercial s<?ybean processing by-product, ru1d 
• to identify anychemical(s) responsible for the antimutagenic activity. 
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CHAPTER2 
MATERIALS AND METHODS 
-------------------------------
2.1 Sources of Chemicals, Reagents, Media and Cell Lines 
The suppliers oftnajor chemicals and equipment are presented in Tables 2-1 and 2-2. 
Table 2-1. General chemicals and reagents.* 
Chemical or Reagent Supplier or Distributor 
2-Acetoxyacetylaminofluorene Chemsyn Science Laboratories 
Agarose (low melting point, LMA) Sigma Chetnical Co. 
Agarose (nonnal melting point, NMA) Life Technologies 
2-Aminocln·ysene Koch Light Laboratories 
6-Aminocluysene Sigtna Chemical Co. 
2-Atninofluorene Sigtna Chetnical Co. 
2-Amino-3 -methylimidazo-( 4,5-:f)quino- Toronto Research Chemicals, Inc. 
line (IQ) 
2-Atnino-1-methyl-6- Toronto Research Chemicals, Inc. 
phenylitnidazo( 4,5- b )pyridine (PhiP) 
Antibiotic-antin1ycotic solution Life Technologies 
Benzidine Sigtna Chetnical Co. 
Crystal violet Sigma Chetnical Co. 
Ethyltnethanesulphonate Sign1a Chemical Co. 
Foetal bovine senun, dialysed, triple 0.1 HyClone Laboratories, Inc. 
J..lln sterile filtered 
L-Glutrunine Sigtna Chetnical Co. 
Ham's F-12 mediutn (powder) HyClone Laboratories, Inc. 
6-Methylchrysene Cotntnunity Bureau of Reference 
Minitntun essentialtnedium (powder) Gibco BRL, Life Technologies 
with Earle's salts 
Paraoxon ( diethyl p-nitrophenyl phos- Sigtna Chemical Co. 
phate) 
m-Phenylenediatnine Sign1a Chemical Co. 
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Table 2-1. General chemicals and reagents.* 
Chemical or Reagent Supplier or Distributor 
o-Pheny lenedirunine Sigma Chetnical Co. 
p-Pheny lenedirunine Sigma Chemical Co. 
RPMI tnedium Gibco Ltd. 
S9 (Aroclor 1254-induced rat liver, Molecular Toxicology Inc. 
9000 x g supernatant) 
6-Thioguanine (2-amino-6-mercapto- Sigma Chemical Co. 
purine) 
Triton X-1 00 Sign1a Chetnical Co. 
Trypru1 blue Sigma Chetnical Co. 
Trypsin-EDT A (0.05% trypsin, Life Technologies 
0.53 mM EDTA) 
*The addresses of the supphers are hsted In Table 2-3. 
2,3-Diatninophenazine (DAP) and 2-atnino-3-hydroxyphenazine (AHP) were 
synthesised at the Institute of Organic Industry, Warsaw, Poland and provided by Dr. K. 
Chruscielska. They were generated by oxidative condensation of a-phenylenediamine and 
purified by repeated chromatography. The purity ofDAP and AHP exceeded 99.9%. 2-
Atninofluorene was purified by crystallisation (Chetnical Services, Inc., West Chester, 
PA, USA). 
Two Inatntnalian cell lines were used in the present study. The transgenic cell line 
YG 10008 is a Chinese hrunster lung (CHL) cell line that expresses the hwnru1 gene NAT2 
(Watanabe et al., 1994). NAT2 encodes human N-acetyltransferase, which is an enzyme 
involved in the conversion of environmental and dietary arylamines into their mutagenic 
and carcinogenic forms (Weisbw·ger, 1988; Watanabe et al., 1994). This cell line was 
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chosen because of its capacity to 1netabolise arylan1ines that humans are exposed to on 
a daily basis. 
Table 2-2. Equipment and other materials.* 
Equipment and Other Materials Supplier or Distributor 
Autotnatic bacterial colony cotu1ter, New Brw1swick Scientific 
Biotran III 
Bath dry, tnulti-block Fisher Scientific 
Biological safety cabinets, Class II, NuAireTM 
Type B2 
Centrifuge: Sorvall RC-5B refrigerated Du Pont Cotnpany 
Cotnet analysis software (Kotnet version Kinetic Itnaging 
3.0) 
Coulter counter®, model ZM Coulter Electronics 
Coverslips, 24 x 50 1nm Fisher Scientific 
Electrophoresis power supply, Power- Bio-Rad Laboratories 
Pac 300 
Electrophoresis tank, Gibco Horizon Life Technologies 
20-25 
Fully fi·osted tnicroscope slides Fisher Scientific 
Incubator, C02 Fisher Scientific 
Incubator, low temperature, tnodel307 Fisher Scientific 
Incubator shaker, Series 25 New Brunswick Scientific 
Incubator shaker, G24 New Brunswick Scientific 
Incubator shaker, PsycroThenn™ New Brunswick Scientific 
Laser beatn flow cytotneter-cell sorter, Coulter Electronics 
Coulter EPICS 750 
Manual bacterial colony counter New Bnu1swick Scientific 
Microscope: Inverted Carl Zeiss 
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Table 2-2. Equipment and other materials.* 
Equipment and Other Materials Supplier or Distributor 
Microscope: Epifluorescent with CCD Carl Zeiss 
can1era 
Microscope: Standard Carl Zeiss 
Petri dishes, 100 mm x 15 1nn1 Fisher Scientific 
Sonifier cell disrupter, 350 Branson Sonic Power 
Spectrophoton1eter: Bausch & Lo1nb Milton Roy 
spectronic 20 
Spectrophotometer: Becktnan DU 7400 Beckn1an 
Tissue culture plates, various sizes Fisher Scientific 
Ultracentrifuge, Sorvall OTD70B DuPont Company 
*The addresses of the suppliers are hsted in Table 2-3. 
Table 2-3. Addresses of the suppliers of chemicals 
and other materials. 
Beckman Instnunents, Schaumburg, HyClone® Laboratories, Inc., 
Illinois, USA Logan, Utah, USA 
Bio-Rad Laboratories, Richmond, Kinetic Imaging Ltd., Liverpool, UK 
California, USA 
Branson Sonic Power, Danbury, Koch Light Laboratories, Bucks, UK 
Connecticut, USA 
Carl Zeiss, Thon1wood, New York, USA Life Technologies, Grand Island, 
New York, USA 
Chemsyn Science Laboratories, Lenexa, Milton Roy, Rochester, New York, 
Kansas, USA USA 
Conununity Bureau of Reference, Molecular Toxicology Inc., 
Commission of the European Communities, Almapolis, Maryland, USA 
Brussels, Belgium 
Coulter Electronics, Hialeah, Florida, USA New Brunswick Scientific, Edison, 
New Jersey, USA 
34 
Table 2-3. Addresses of the suppliers of chemicals 
and other materials. 
Du Pont Company, Wihnington, Delaware, NuAire ™, Plymouth, Minnesota, 
USA USA 
Fisher Scientific, Itasca, Illinois, USA Sigtna Chemical Co., St. Louis, 
Missouri, USA 
Gibco Ltd., Paisley, Scotland, UK Toronto Research Chetnicals Inc., 
North York, Ontario, Canada 
CHL cell line Y G 10008 was obtained frotn the National Institute of Hygienic Sciences 
Cell Bank, Tokyo, Japan, and was n1aintained in minin1t1m essentialtnedium (MEM), 
(see Table 2-4) 
supplemented with 10% foetal bovine serun1 (FBS) and 1% antibiotics, at 37°C tmder 
" 5% C02• Chinese hrunster ovary (CHO) cell line AS52 cal1'ies a single functional copy 
of the Escherichia coli gpt gene integrated into the CHO genome (Tindall and Hsie, 
1982). This cell line was chosen because of its forward tnutation gene target. Chinese 
hrunster ovruy AS52 cells were originally obtained from Dr. K. Tindall, NIEHS, NC, 
USA ru1d were maintained in MPA tnediutn (Table 2-4) on glass culture plates at 37°C 
(5% C02, relative hwnidity >95%). A clone of AS52 cells (11-4-8) was isolated and the 
endpoints of DNA damage (using single cell gel electrophoresis, SCGE), chrotnosomal 
drunage (using flow cytometry) and forwru·d tnutation were analysed, Section 2.2.4 
(Wagner et al., 1998a; Wagner et al., 1998b). Clone 11-4-8 expressed a sharp peak of 
cells in the G 1 phase of the cell cycle as analysed by flow cytotnetry, a low and stable 
spontaneous n1utation frequency and a high responsiveness to mutagens. This clone was 
tnaintained in either Ham's F12 medium plus 5% FBS plus 1% antibiotic (for alkaline 
SCGE ru1d laser berun flow cyton1etry assays) or in MPA tnediwn (for fotward mutation 
at gpt) at 37°C, 5% C02• 
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All experilnents etnploying htunan lytnphocytes were conducted in Dr. Diana 
Anderson's laboratory, BIBRA International, Surrey, U.K. The use of freshly isolated 
human lytnphocytes allowed for the evaluation of the modulation of genotoxicity in 
htunan cells. For the plant activation studies, long-tenn plant cell suspension cultures of 
tobacco (Nicotiana tabacum), the non-photosynthetic cell line TXl, were maintained in 
MX tnedium, a modified liquid culture n1edium ofMurashige and Skoog (1962). It was 
shown previously that TXl cells activated protnutagens including m-phenylenedirunine 
(mPDA), 2-runinofluorene and benzidine into intennediates tnutagenic in Salmonella 
typhimurium strains TA98 and YG1024 (Plewa et al., 1983; Plewa et al., 1988b; Plewa 
et al., 1993; Wagner et al., 1994). The S. typhimurium strains are described in Section 
2.2.7.2. 
2.2 Methods 
2.2.1 Single Cell Gel Electrophoresis Assay 
The single cell gel electrophoresis assay (alkaline SCGE or Comet assay) is a 
relatively new moleculru· biological assay that has gained widespread use (Fairbairn et 
al., 1995; Anderson atld Plewa, 1998; Anderson et al., 1998b). This assay detects and 
quantitatively tneasures direct DNA drunage in the nuclei of individual cells. The 
following types of DNA damage ru·e detected: single and double strand breaks in the 
DNA molecule, alkali labile DNA adducts, alkali labile apurinic/apyrin1idinic sites, and 
it1cotnplete excision repair sites. The alkaline SCGE assay can be used with cultured cells 
as well as with cells isolated :fi.·om animals (Anderson et al., 1996) or :fi.·om humans 
(Anderson et al., 1997a; Anderson et al., 1998a). 
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In general the assay detected any type of direct or indirect DNA drunage that led to 
DNA strand breaks. Isolated nuclei were embedded in ru1 agru·ose gel under alkaline 
conditions (pH > 13) that denatured their DNA. Alkali labile DNA lesions were 
converted into DNA strand breaks. When the nuclei were subjected to electrophoresis, 
the DNA fragtnents tnigrated to the positive pole. The DNA was stained with a 
fluorescent dye thus allowing the distribution of DNA migration for each nucleus to be 
visualised. These ilnages were digitalised using a CCD camera and the data were 
ru1alysed. 
2.2.1.1 Principal reagents and media 
The principal reagents and n1edia used are presented in Table 2-4. 
Table 2-4. Principal media used in the alkaline SCGE assay. 
Media or Reagents Constituent Reagents and/or 
Chemicals 
Eagle's MEM (CHL cells) Eagle's MEM adjusted to pH 7.35 
10% dialysed and heat-inactivated foetal 
bovine serum (FBS) 
1% antibiotic-anthnycotic solution 
MPA tneditun (CHO cells) Ham's F12tnedium adjusted to pH 7.35 
5o/o dialysed ru1d heat-inactivated FBS 
250 ｾｌｧｨｮｬ＠ xanthine 
25 ｾｧｨｮｬ＠ adenine 
50 ｾｍ＠ thytnidine 
3 ｾｍ＠ aminopterin 
10-20 ｾｧＯｮＱｬｴｮｹ｣ｯｰｨ･ｮｯｬｩ｣＠ acid 
Han1's F12 medim11 (CHO cells) Ham's Fl2 adjusted to pH 7.35 
5% dialysed and heat-inactivated FBS 
1% antibiotic-antin1ycotic solution 
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Table 2-4. Principal media used in the alkaline SCGE assay. 
Media or Reagents Constituent Reagents and/or 
Chemicals 
Antibiotic-antin1ycotic solution 100 units/ml penicillin G sodium 
100 J..lg/n1l streptomycin sulphate 
0.25 J.Lg/n11 amphotericin B 
Dulbecco 's phosphate buffered saline 200 J.Lg/ml KCl 
(PBS) 200 J..lg/tnl KH2P04 
8 tng!tnl NaCl 
1.15 tng/n1l Na2HP04 
Hank's balanced salt solution (HBSS) 400 f..lg/ml KCl 
60 f..lg/ml KH2P04 
8 mg/ml NaCl 
350 J..lgltnl NaHC03 
90 J.Lg/ml Na2HP04·7H20 
1 tng/ml D-glucose 
Lysing solution 2.5 MNaCl 
100mMNa2EDTA 
10 111M Tris, pH 10 
1 o/o sodium sarcosinate (w/v), 
1% Triton X-100 and 10% DMSO 
added immediately before use 
Electrophoresis buffer 1 111M Na2EDT A 
300 mMNaOH, adjusted to pH 13.5 
The FBS was heat-inactivated in a 55°C water bath for 40 min. When the media 
(MEM, MPA or Fl2) were over 1 1nonth old, L-glutamine was added for a final 
concentration of 2 111M. 
2.2.1.2 In vitro treatment of cells 
The general experin1ental design for SCGE or Comet analysis is as follows: 
Approximately 48-72 h before treatn1ent, 2x 105 CHO cells were seeded onto 60 mn1 
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tissue culture plates with 5 tnl F12 containing 5% FBS and grown at 37°C. On the day 
oftreattnent, the CHO cells were washed 2x with HBSS buffer. The cells, while attached 
to the bottotn of the plate, were exposed to a series of concentrations of the test agents 
in a total vohune of2 ml ofF12 without FBS. The plates were then placed into the C02 
incubator and incubated at 37°C for 2 h. Ultraviolet irradiation treatments were 
conducted with a calibrated Philips G36T61 UV bulb in a NuAire™ lruninar flow 
biological safety cabinet (Labgru·d tnodel NU-430). The UV bulb was calibrated using 
a Blak-Ray® ultraviolet intensity tnetre; the UV dose curve as a function of distance from 
the bulb is presented in Figure 2-1. At 60.96 em from the bulb, the UV flux was 21 
erg/sec per mn12 (2.1 J/sec per m2). 
2.2.1.3 Slide preparation 
Following completion of the incubation, 2Inl of cold HBSS were added to each plate 
and the solution was aspirated off the cells. The cells were washed 2x in HBSS and were 
hat-vested from each plate by adding 300 !J.l of 0.005% trypsin plus 0.053 tnM EDTA and 
incubating at 37°C on a wanning table. After the cells detached fi·o1n the bottotn of the 
plate, the action ofthe trypsin was terminated with 100 Ill of a 1:1 mixttu·e ofF12 plus 
5% FBS and HBSS. Cell aggregates were dispersed by repeated pipetting and each 
suspension was added to a sterile tnicrofuge tube. In some experiments, the titre of the 
cell suspension was determined with a Coulter Counter. 
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Figure 2-1. The calibration of an ultraviolet radiation bulb 
(Philips G36T61 at 254 nm) as a function of distance from the 
bulb. 
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2.2.1.4 Cell viability analysis 
An aliquot of the cell suspension ( 15 ｾＱＩ＠ was n1ixed with an equal volume of trypan 
blue (0.05%, v/v) and was analysed for toxicity. This is a vital dye technique where living 
cells with intact cell metnbranes are not stained; dead cells stain a blue colour. 
2.2.1.5 Lysis of the cells 
From each treatment group, a 10-j..ll cell suspension was mixed with 75 ｾＱ＠ (0.5%) low 
tnelting point agarose (LMA) in PBS. Two to three slides were prepared from each 
treatlnent group. Earlier, fully frosted tnicroscope slides were covered with 11 0 ｾＱ＠ of a 
0.5% solution of nonnal melting point agarose (NMA) in PBS. The CHO cell suspension 
in LMA was spread upon the NMA-coated slides, covered with a coverslip and placed 
on a cold sutface (4 °C) for 5 tnin. The coverslip was retnoved, and a final layer of 80 ｾＱ＠
of LMA was spread over the cells and again covered with a coverslip and placed on a 
cold sut·face for 5 min. After retnoval of the coverslip, the slide was immersed overnight 
at 4 o C in cold lysing solution (Table 2-4 ). 
2.2.1.6 Electrophoresis 
After lysis of the cells, the slides were placed in a horizontal gel electrophoresis tank 
containing freshly prepared cold electrophoresis buffer (ltnM Na2EDT A ｡ｮｾ＠ 300 mM 
NaOH, pH 13.5). In general, the cell nuclei were incubated for 20 tnin to allow the DNA 
to unwind; tllis was followed by electrophoresis at 25 V, 300 rnA for 20 min. The slides 
were prepared tmder dinuned light and the electrophoresis tank was covered to prevent 
light-induced DNA datnage. The electrophoresis was conducted in a cold room at 4 °C. 
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2.2.1. 7 Staining and slide analysis 
Following electrophoresis, the slides were rinsed 3x in 400 tnM Tris, pH 7.5 and 
stained with 60 ｾＱ＠ ethidiutn brotnide (1.5 ｾｧＯｭｬＩＬ＠ covered with a coverslip and 25 
randotnly chosen cells per slide were analysed with a Zeiss fluorescence tnicroscope 
using an excitation filter ofBP 546/10 nm and a barrier filter of590 1nn. A computerised 
hnage analysis system (Komet version 3.0, Kinetic bnaging Ltd., Liverpool, UK) was 
etnployed to tneasure various Comet paratneters (i.e. tail length, head DNA content and 
tail 1noment). The tail tnotnent (integrated value of DNA density multiplied by the 
1nigration distru1ce) was used as the primary tneasure of DNA damage (Figure 2-2). The 
pa.ran1eters used by the Kon1et 3.0 progratn were detennined empirically. The pru·ameters 
that were used in this study were the following: head threshold, 5%; tail threshold, 5%; 
smoothing value, 1-3; backgrotu1d height, 20; tail break length, 5. The head threshold is 
a value used to specify the intensity threshold of the head region of the cotnet, the tail 
threshold is used to specify the intensity threshold of the tail region, and the smoothing 
value is used to determine the smoothing applied to the integrated intensity profiles and 
is useful for low intensity data The background height sets the height of the region used 
in automatic background atlalysis and the tail break length is the value that determines 
the termination of a tail measuretnent that contains breaks within the tail. These 
paratneters were checked at the beginning of the analysis for each experiment. 
2.2.1.8 Modification of basic procedure 
In later studies, the experin1ental design was tnodified because of the small amount 
of fraction that was generated for analysis (Section 2.2.5). Approximately 24 h before 
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treattnent, 1 - 2xl05 CHO cells were seeded onto glass vials with a diameter of 15 mm 
in 1 1111 of F12 containing 5% FBS. The cells were tt·eated identically as described 
previously except the total treatment volume was reduced to 500 J.Ll. After treatlnent, the 
cells were washed and harvested. An aliquot (200 J..tl) of the cell suspension was mixed 
· with 200 ｾｌｬ＠ of 1% LMA. Regular n1icroscope slides (not frosted) were dipped into a 
solution of 1% NMA, prepared with distilled water, at 50°C. These slides were stored in 
slide boxes until their use. A sample (90 J.Ll) of the cell suspension was placed on each 
coated slide. A final layer consisted of 80 J.Ll of LMA. The lysis steps and electrophoresis 
steps were identical to the previous section, except that with the use of regular 
microscope slides the electrophoresis time was extended to 40 n1in. 
When CHL cells were employed, the cells were treated and processed identically to 
the protocols used with the CHO cells. The only exceptions were that CHL cells were 
grown in MEM containing 10% FBS, were treated in MEM without FBS and, in the case 
of rinsing, PBS was substituted for HBSS. 
2.2.2 Laser Beam Flow Cytometry 
Flow cyton1etry has been used to assess the variation in the DNA content of cells within 
individuals or among populations. This teclu1ology has wide applications from tumour 
diagnosis to screening wild populations for genotoxic insult. One measuren1ent etnployed 
is the coefficient of variation (CV) of the G1 peak; with increasing an1ount of genotoxic 
dmnage there is a broader DNA distribution profile leading to higher CV values. 
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Figure 2-2. Analysis of SCGE (Comet) images. 
The top panel illustrates a digital image from the CCD camera of a 
nucleus that was exposed to a mutagen. The SCGE measurement 
callipers from the KOMET 3. 0 software are indicated by the white 
lines. The bottom panel illustrates the analysis of a SCGE comet 
profile using Komet 3.0 software (Komet User Guide, 1994). 
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Increased CV values of the G1 peak were observed in in vivo studies e1nploying mutagens 
including cyclophosphamide (Otto et al., 1981), X-rays (Otto and Oldiges, 1980) and 
triethylenemelamine (Bickham et al., 1992; Bickhatn et al., 1994). 
With 1nammalian cell lines, CV values increased with X-ray inadiation (Otto atld 
Oldiges, 1980), ethyl methru1esulphonate (EMS) (Otto and Oldiges, 1980; Wagner et al., 
1998a; Wagner et al., 1998b), adriamycin, cytosine ｾＭｄＭ｡ｲ｡｢ｩｮｯｦｵｲ｡ｮｯｳｩ､･＠ and atrazine 
(Biradar at1d Raybun1, 1995), and 2-acetoxyacetylatninofluorene (2AAAF) (Plewa et al., 
1998). 
2.2.2.1 Principal reagents and media 
The principal reagents atld media are presented in Tables 2-4 at1d 2-5. 
Table 2-5. Principal media used in the laser beam 
flow cytometry assay. 
Media or Reagents Constituent Reagents and/or 
Chemicals 
Propidimn iodide solution 0.05 mgllnl propidiu1n iodide 
0.1% Triton X-1 00 
0.1% sodium citrate 
7.0 unitshnl RNAase 
2.2.2.2 In vitro treatment of cells 
In studies where laser beam flow cytometry was used as the endpoint, the CHO cells 
were treated as described in the SCGE or Comet assay (Section 2.2.1.2). After treatment, 
the cells were washed 2x in HBSS atld were hru·vested :fi:om each plate by adding 300 j..t.l 
of0.005% trypsin in 0.053 mM EDTA and incubating at 37°C on a wanning table. When 
the cells detached from the botto1n of the plate, the action of the trypsin was stopped by 
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adding 100 J.!l of a 1:1 mixture ofF12 containing 5% FBS and HBSS. Cell aggregates 
were dispersed by repeated pipetting and each suspension was added to a sterile 
1nicrofuge ｴｵ｢･ ｾ＠ The cell suspension was added to 100 m1n tissue culture plates 
containing 10 tnl ofF12 supplemented with 5% FBS, and the cells were incubated at 
3 7 o C, in an atmosphere of 5% C02 for an additional 2-4 days. 
2.2.2.3 Isolation of nuclei 
Nuclei were isolated frotn the actively growing cell cultures by the propidium-iodide 
(PI)-hypotonic lysis method (Grogan and Collins, 1990). The cells were washed with 
PBS and 1.5 tnl of PI stain solution was added to each plate (Table 2-5). The plates were 
stored at 4 oc for 40 min with frequent gentle tilting. The stain solution containing the 
isolated nuclei was filtered through a 53 J.!nl nylon mesh and stored on ice until analysis. 
2.2.2.4 Sample analysis 
The nuclei were analysed using a Coulter EPICS 750 series flow cytometer-cell setter 
(Coulter Electronics, Hialeah, FL, USA). The excitation wavelength ( 488 ntn) was 
provided by a 5-W argon ion laser. A 1ninhnum of 5,000 nuclei per sample was analysed. 
The histogran1s obtained were analysed by MUL TICYCLE progratn (Phoenix Flow 
Systems, Sru1 Diego, CA, USA) and the coefficient ofvru·iation (CV) of the G1 peaks was 
recorded. The computer recognised the border of each peak analysed by set mathetnatic 
parameters. Abnotmal shaped peaks that did not fit the set parameters were not accurately 
recognised by the n1odel. To compensate for this limitation, analysis was also perfotmed 
tnanually by visually setting the border of the peaks (Biradru· and Rayburn, 1995). 
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2.2.3 Forward Mutation (gpt) Assay in Mammalian Cells 
The Chinese hamster ovary (CHO) cell line AS52 carries a single functional copy of 
the bacterial gpt gene integrated into its genome. Forward n1utation fi·om gpt --. gpt- can 
be recovered as 6-thioguanine-resistant colonies; point n1utations, deletions and cotnplex 
rearrangetnents can be defined in molecular terms (Tindall and Stankowski, 1989). 
Chinese hamster ovary AS 52 cells were originally obtained fron1 Dr. K. Tindall, NIEHS, 
NC, USA and were tnaintained in MPA medium on glass culture plates at 37°C in a 
tissue cultm·e incubator (5% C02, relative humidity >95%). MPA medium is a selective 
1nediun1 that elhninates spontaneous 6-thioguanine-resistant (6TGr) mutants in the 
continuous cultures. 
2.2.3.1 Principal reagents and media 
The principal reagents and media are shown in Table 2-4. 
2.2.3.2 Biocbemical basis of tbe assay 
The CHO cell line, AS52, contains a stably integrated single functional copy of the 
E. coli xanthine-guanine phosphoribosyltransferase (gpt) gene (Tindall and Hsie, 1982). 
Wild-type cells (gpt+) can synthesise purine bases by two pathways, a de novo pathway 
and a pm·ine salvage pathway. Using the salvage pathway, wild-type cells convert closely 
6-thioguanosine 
related cotnpounds such as 6-thioguanine into a toxic product, tnonophos-
A 
phate. Forward gpt- n1utants are deficient in the salvage pathway and thus are uncovered 
by resistance to 6-thioguanine (6TG). 
47 
2.2.3.3 In vitro treatment of cells 
On the day prior to the experin1ent, 1 x 1 06 cells were plated per treatinent group in 
100 1nn1 tissue culttu·e plates containing 10 ml ofF12 fotiified with 5% FBS and XAT 
(xanthine, adenine and thyn1idine), the latter at one quarter of the concentrations 
contained in MPA 1nediUI11. The following day (day 0) cells were washed 2x in HBSS, 
5 1nl ofF12 without senun were added to each plate as well as known concentrations of 
the 1nutagens. The AS 52 cells were exposed to the mutagens for 2 h at 3 7 o C, 5% C0
2
• 
For experhnents that used UV inadiation, the cells were washed 2x in HBSS and the 
HBSS was aspirated. The cells were then immediately exposed to UV. 
2.2.3.4 Basic procedures 
At the end of the incubation, the cells were washed 3x in HBSS, 10 ml F12 
containing 5% FBS and 1% antibiotic solution were added to each plate and the plates 
were placed in a 37°C, 5% C02 incubator. On the day following treatn1ent (day 1), the 
cells were recovered by trypsinisation, the titre was determined with a Coulter ｣ｯｵｮｴｾｲＬ＠
and 1 x 1 06 cells were seeded onto 15 0 trun plates and allowed to grow in 50 ml F 12 
containing 5% FBS and 1% antibiotic. In addition, in order to measure cytotoxicity, 200 
cells fron1 each treatment group were plated in triplicate onto 60 m1n plates with 5 ml of 
F12 containing 5% FBS and 1% antibiotic; these plates were incubated for 7 days. On 
day 4, a second recovery and plating of 1 x 106 cells for each treatment group was 
conducted. On day 6, the cells were recovered, diluted in F12 containing 5% FBS to 
1x105 cellsllnl and plated Sx at a titre of2x105 cells/plate in F12 containing 5% FBS and 
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1% antibiotic supplemented with 12.5 j.tM 6-thioguanine to select gpt- fotward mutants. 
In addition, 200 cells from each treattnent group were plated in triplicate onto 60 1nm 
plates containing 5 ml ofF12 with 5% FBS and 1% antibiotic to detennine the plating 
efficiency for each group. On day 8, the cytotoxicity plates were stained with 1% crystal 
violet in a 50% n1ethanol solution, and the percent survival from each treatn1ent 
concentration was determined. On day 13, the plating efficiency and mutant selection 
plates were similarly stained with crystal violet and the colonies were counted. A 
negative buffer control was incorporated within each experiment. 
2.2.4 Isolation and Characterisation of a Clone of Chinese Hamster 
Ovary Cell Line AS52 
A ntunber of CHO AS 52 clones were isolated and characterised. The number of cells 
growing on maintenance plates (MP A meditun) were counted, and a low nun1ber of cells 
(typically 20- 30) were plated in 100 mtn tissue culttu·e plates to which was added 10 
tnl of MP A tnedium. Approximately 10 days later, six-well plates were prepared with 
each well containing 2 1nl of MP A medium. A small mnount of trypsin was placed 
directly on each individual clone with a pipet tip, the clone was dislodged from the plate 
and transfeiTed to an individual well. These plates were incubated for approximately 7 
days, after which the MPA was aspirated, the cells were rinsed with HBSS and 0.5 tnl of 
trypsin followed by 2 tnl of MP A were added to each well to enstu·e a more even 
distribution of cells. Two days later, the entire contents of each well were removed and 
placed into individual 100 nun tissue culture plates containing 10 tnl of MP A. When the 
cells reached confluency, they were harvested a11d divided into 2 plates, one with MPA 
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n1edium for maintenance, the other with F12 containing 5% FBS and 1% antibiotic for 
further growth and flow cytometric analysis. Flow cytotnetry analysis followed the 
procedures presented in Section 2.2.2. Nuclei (5,000 per sample) were analysed using a 
Coulter EPICS 750 series flow cytometer-cell sorter and the coefficient of variation (CV) 
of the G 1 peaks was recorded. Two clones with sharp 0 1 peaks (and thus low CV values) 
were selected for gpt analysis, 11-4-8 and 11-4-13. Both spontaneous and EMS-induced 
tnutation frequencies were analysed. The protocol for the gpt assay is presented in 
Section 2.2.3. The results of the flow cytometric and gpt analyses are presented in 
Chapter 4. Clone 11-4-8 was chosen for all futlll'e studies due to its very sharp 0 1 peak, 
low spontaneous tnutation frequency and high responsiveness to EMS. 
2.2.5 Preparation of Soybean By-Product Fractions 
Otu· laboratory group is working in collaboration with scientists at the Archer Daniels 
Midland Cotnpany (Decatur, IL) and the United States Depat1ment of Agriculture, 
Agriculttu·al Research Service, (Peoria, IL) to identify new antimutagens and anti carcino-
gens that could be recovered during normal co1nmercial soybean processing, thereby 
allowing for the production of large quantities of anti carcinogens without the need of 
developing new processing plants. Soybean processing products and by-products were 
provided by Dr. Eric Gugger, at Archer Daniels Midland Co. (ADM). These products 
were evaluated for their antimutagenic potencies by using the SCGE and flow cytometry 
assays. Those soybean products that exhibited antimutagenic activity were sent to Dr. 
Mark Berhow and Dr. Steven Vauglm at USDA/ ARS for chemical fractionation. These 
soybean fractions were shipped to the University of Illinois and evaluated for their 
50 
cytotoxicity and antimutagenic propetiies. Those fractions that were active were sent to 
USDA/ ARS and the cycle was repeated until individual antimutagenic compounds were 
resolved. 
2.2.5.1 Soybean molasses and PCC 
"Soybean tnolasses" (SBM) was a tar-like, cmnplex n1ixture of waste products that 
resulted frotn con1tnercial soybean processing. Soybean molasses and an ethanol extract 
of SBM (phytochetnical complex or PCC) were prepared and provided by Dr. Eric 
Gugger (ADM). The ethanol was vacuum evaporated and the residue was dissolved in 
ditnethylsulphoxide (DMSO). 
2.2.5.2 Fractionation of PCC by high pressure liquid chromatography (HPLC) 
The following fractionation using solid phase extraction was conducted by Dr. Mark 
Berhow at USDA/ARS. PCC was fractionated with a Cl8 reverse phase column (Waters 
Sep-Pal( Vac 35 tC18-10g). One grrun ofPCC was dissolved in 1 ml DMSO: methanol 
(1: 1 v/v), and diluted to 20% organic phase with water (v/v). This solution was passed 
through the column and was fractionated by increasing the concentration of tnethanol. 
Each eluted fraction was collected ru1d concentrated by rotru·y vacuum evaporation. The 
resulting fractions were: Fraction A = 100% water, Fraction B = 70% tnethanol, Fraction 
C = 100% tnethanol, and Fraction D = 3 0% tnethru1ol. Fraction C was further purified by 
diluting the fraction in 10% tnethanol: 90o/o water, collecting the precipitate by 
centrifugation, decru1ting the supernatant fluid ru1d suspending the precipitate in 
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· methanol. This procedure was used to remove contruninating isoflavones; this fraction 
was designated as PCC 100. 
For lru·ger scale prepru·ations ofPCC100, 5 gran1s ofPCC were dissolved in DMSO: 
1nethanol (1: 1 v/v), diluted to 20% solvent with water and loaded onto an activated, 
equilibrated open end Cl8 colmnn (4 cn1 x 53 c1n column with 200 g ofprepru·ative Cl8, 
125 A, Waters Corp., Milford, MA). The colmnn was washed extensively with 20% 
1nethanol in water. The cohunn was then developed with 70% 1nethanol and washed 
extensively to re1nove all traces of the isoflavones. Finally, the column was washed with 
100% methanol to yield PCC100. 
The PCC fractions eluted off the Cl8 colmnn with 70% methru1ol (PCC70) or 100% 
1nethru1ol (PCClOO) were at1alysed with a dual pwnp Shin1adzu lOA HPLC system using 
a Licrosphere reverse phase Cl8, 5 Jlm cohunn ( 4.6 111111 x 250 111111) with a guru·d cohu1111. 
The coltu1u1 was equilibrated with 20% methanol in 10 mM phosphoric acid at a flow rate 
of 1 n1l/min. After injection, the column was developed with a linear gradient to 1 OOo/o 
111ethanol over a period of 55 minutes. A Hewlett-Packard 1050A photodiode at'l'ay 
system (Hewlett-Packru·d, Beaverton, OR) at 285 run was used to detect the eluting peaks. 
Isoflavone peaks from PCC70 were identified by their spectra and retention tin1e. 
Daidzin, daidzein, genistin and genistein were identified by co111parison to known 
stru1dards. Daidzin, genistin, glycitin, acetylglucosides, and malonylglucosides were 
purified by a preparative HPLC process and were identified by liquid chromatogra-
phylt11ass spectroscopy (LC-MS). For prepru·ative HPLC, anAlltech Econosil C18 10 Jlm 
250 1nm x 22111111 prepru·ative HPLC colmnn (Alltech, Deerfield, IL) was developed with 
a gradient fron1 20% methanol in 1% acetic acid to 100% 1nethanol in 60 min with a 
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1nethat1ol purge of 10 min at a flow rate of 5 1nllmin. The effluent was tnonitored at 285 
nm. Fractions were collected at 1 n1in intervals. Fractions containing each of the 5 major 
peaks were pooled, vacutun evaporated to retnove the n1ethanol and passed through a C 18 
column equilibrated with water to re1nove the acid. The columns were eluted with 
tnethanol a11d each fraction was isolated and vacuum dried. Isolated soybeatl isoflavones 
identified as daidzin, genistin and genistein were evaluated for their antigenotoxic 
activities with CHO cells. 
2.2.5.3 Fractionation of PCCl 00 by thin layer chromatography 
The following fractionation using thin layer chrotnatography (TLC) was conducted 
by Dr. Mark Berhow at USDA/ ARS. PCC 100, when freshly prepared, yielded one peak 
with at least two shoulders in the analytical HPLC system, when tnonitored at 285 nm. 
The peak eluted very late with 100% methanol. Analysis of the spectra showed a single 
absorbance peak with a n1axhnwn at 292 nm. TLC analysis on precoated TLC plates, 
silica gel 60 F -254, showed no tnovetnent in a solvent system of 15% tnethanol in 
dichloromethane. 
PCC100 was extensively hydrolysed with acid. Approximately 1 g ofPCC100 was 
dissolved in 10 ml of methanol and 2M HCI. The satnple was boiled under refluxing 
conditions atld monitored by TLC. After three days, the sample was completely resolved 
by the above TLC conditions. The 1naterial was diluted to 10% methanol, loaded onto an 
equilibrated disposable C18 column and washed extensively with water to re1nove the 
acid. The colutnn was eluted with tnethanol and the eluate dried. It was resuspended in 
methanol for prepat·ative TLC fi·actionation (PCC C18 100-AH). The concentrated PCC 
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C18 100-AH was spotted on preparative TLC plates (as above), developed with 15% 
tnethanol in dichlorotnethane and allowed to dry. Concurrently run analytical plates were 
sprayed with 60% sulphuric acid saturated with potassium dichromate, and heated at 
130 a C for 10 minutes. The R1 value is a characteristic of a pruticular compound measured 
under specified conditions (solvent systetn, temperattu·e) and is defined as the distance 
:fi:om the base line travelled by the compotuld divided by the distance from the base line 
travelled by the solvent (Clru·k, 1964). The R1 values of the resolved spots were 
detennined and were used to isolate 6 fractions fi·otn the prepru·ative TLC plates. The 
final yield of each fraction was approxhnately 5 - 30 milligrams. 
2.2.6 Analysis of Soybean By-Product Fractions for Antimutagenic 
Activity 
Soyberu1 fractions were analysed for their anthnutagenic or antigenotoxic activities 
with the alkaline SCGE assay in CHL or CHO cells or in human lymphocytes or with the 
forwru·d tnutation (gpt) assay in CHO cells. 
2.2.6.1 Sample preparation · 
For experhnents with cultured mammalian cells, lmown weights of the soybean 
fractions were dissolved in DMSO. The concentration range for each fi·action was defined 
by the highest concentration that would not precipitate in MEM medium. CHL cells 
( 1 x 1 04) were plated in flat bottom 96-well microplates that contained MEM containing 
10% FBS as well as the vru·ious concentrations of the soybean fractions. The cells were 
incubated at 37°C, in an atlnosphere of 5% C02 for 48 h. The concentration of the 
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soybean fraction that was not lethal to the CHL cells and did not alter celltnorphology 
was defined as the highest tolerated concentration. 
2.2.6.2 Cell viability analysis 
Trypan blue vital dye technique was used as described in Section 2.2.1.4. 
2.2.6.3 Analysis for antimutagenic activity in mammalian cell cultures 
Approximately 72 h before treatlnent, 2x 105 CHL cells were seeded onto 60 mm 
culttll'e dishes containing 5 1111 MEM containing 10% FBS. On the day oftreattnent, the 
cells were washed 2x with phosphate-buffered saline (PBS). Cells were treated with 2tnl 
of MEM without FBS containing known amounts of a soybean fraction, except for the 
positive and negative controls. After exposure to the soybean fraction, the cells were 
challenged with 2-acetoxyacetylaminofluorene (2AAAF). The negative control received 
tnedimn only and the positive control received 2AAAF without the soybean fi·action. The 
plates were incubated at 37°C, in an attnosphere of 5% C02 for 2 h. The procedm·es for 
harvesting the cells, slide preparation, lysis of the cells, electrophoresis, staining and slide 
analysis have been outlined in Sections 2.2.1.3 - 2.2.1.7. Two to three slides were 
prepared from each treatment group. Because of the low yield of some of the fi·actions, 
tnodifications to the treattnent protocol were developed (Section 2.2.1.8). 
2.2.6.4 Analysis for antimutagenic activity in human lymphocytes 
All experhnents etnploying human lymphocytes were conducted in Dr. Diana 
Anderson's laboratory, BIBRA International, Surrey, U.K. For each experiment, 10 ml 
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heparinised whole blood was collected by veneptmcture frotn a donor and lytnphocytes 
were separated using a separation medimn with a density of 1.077 g/n1l cotnposed of an 
aqueous solution ofFicoll (57 giL) and soditun diatrizeate (90 giL) (Gibco Ltd., Paisley, 
Scotland, U.K.). The lytnphocytes were washed with PBS buffer and suspended in buffer 
at approxitnately 6xl05 cells/n1l. The cells were suspended in a total volmne of 1 ml in 
RPMI 1neditun and exposed to 2-mnino-3-methylimidazo-( 4,5:/)quinoline (IQ) with or 
without PCC100 (10- 75 ｾｴｧＡｴｮｬＩ＠ for 1 hat 37°C. Each reaction tube contained 125 f.!l 
lymphocyte suspension (---7.5x104 cells), 6 f.ll ofiQ (100 tnM) and 10- 75 f.ll PCC100 
dissolved in20% DMSO: 80% RPMI without FBS (v/v). The negative control received 
RPMI tnediutn only; the positive control was 6 f.!l of IQ (1 00 mM) without PCCl 00. 
After incubation, the cells were harvested by centrifugation at 800 xg for 3 min at 4 oc 
and suspended in 7 5 f.!l LMA. Fully frosted microscope slides were employed; the 
procedures for n1aking the slides were described in Section 2.2.1.5. The slides were 
itnmersed for 1 h at 4 o C in cold lysing solution. The nuclei were incubated for 20 tnin 
in fi:eshly prepared cold electrophoresis buffer followed by electrophoresis at 0. 72 V /em 
(25 V, 300 rnA) for 20 min at 4 °C. Twenty-five randotnly chosen cells per slide were 
m1alysed. Triplicate it1dependent treatments were conducted and the data were cotnbined. 
2.2.6.5 Analysis for antimutagenic activity at the gpt locus in CHO cells 
CHO AS52 cells, clone 11-4-8 were treated in 5 tnl ofF12 without serum for 2 hat 
37°C with the soybean fraction PCC (10- 500 f.!g/ml) or with 2AAAF (5..:. 500 nM). A 
negative F 12 without serun1 control was incorporated within the experiment. The assay 
followed the procedures outlined in Section 2.2.3 .4. After both 2AAAF and PCC were 
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evaluated for their tnutagenic and cytotoxic activities, a forward tnutation assay was 
conducted with PCC (250 - 1000 ｾｴｧＯｮＱｬＩ＠ and a constant mnollllt of 500 nM 2AAAF. The 
treatment protocol followed that outlined in Section 2.2.3.3. A negative F12 without 
serum control and a positive control of 2AAAF without soybean fraction PCC were 
incorporated within the experhnent. 
2.2. 7 Reverse Mutation Assay in Salmonella typhimurium Strains 
The n1ost widely used genetic indicator organisms in mutagenesis assays are a series 
of strains of the bacteriutn, S. typhimurium developed by Dr. Bruce Ames and others 
(Mm·on m1d Atnes, 1983). These histidine auxotrophic strains contain specific mutations 
in the histidine operon; the genetic endpoint measured is reverse tnutation to histidine 
prototrophy. 
2.2. 7.1 Principal reagents and media 
The principal reagents and media are presented in Table 2-6. 
Table 2-6. Principal media used in the 
Salmonella typhimurium assay. 
Media or Reagents Constituent Reagents and/or 
Chemicals 
Luria-Botmer (LB) medium 1 0 g/L bacto-tryptone 
5 g/L bacto-yeast extract 
5 giL sodiwn chloride 
1 giL glucose 
± 15 g/L agar 
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Table 2-6. Principal media used in the 
Salmonella typhimurium assay. 
Media or Reagents Constituent Reagents and/or 
Chemicals 
Vogel-Bom1er (VB) mediun1 20 g/L glucose 
10 giL K2HP04 
3.5 g/L NaNH5P04·4H20 
2 giL C6H80 7·H20 
200 tng/L MgS04·7H20 
± 15 g/L agar 
LB top agar Identical to LB medium except 5 g/L 
agar 
VB top agar 5 g/L sodium chloride 
6 g/L agar 
Potassiun1 phosphate buffer (1 00 mM, 13.93 g/L K2HP04 
pH 7.4) 2.72 g/L KH2P04 
2.2. 7.2 Bacterial tester strains 
The strains used in this research were TA1538, TA98, YG1024, TA98/1,8-DNP6, and 
YG1029 and are listed in Table 2-7. 
Table 2-7. S. typhimurium strains used in this research project. 
Strain /tis- Description Source 
Mutation 
TA1538 hisD3052 LT-2; rfa; b.UvrB-bio B.N. Atnes 
TA98 hisD3052 TA1538 (pKMlOl, SOS re- B.N.Ames 
pair) rfa; b.UvrB-bio; ru.npr 
YG1024 hisD3052 TA98 (pKM101, SOS repair T. Nohmi 
and pYG219, OAT) rfa; 
b.UVrB-bio; ampr; tetr 
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Table 2-7. S. typhimurium strains used in this research project. 
Strain It is- Description Source 
Mutation 
T A98/1 ＬＸｾｄｎｐ＠ 6 hisD3052 TA98 (pKM101, SOS repair, H. Rosen-
deficient in OAT) rfa; D.uvrB- kranz 
bio; al11pr 
YG1029 hisG46 TA100 (pKM101, SOS repair T. Nolnni 
and pYG219, OAT) rfa; 
t:..uvrB-bio; an1pr; tetr 
The hisD3052 n1utation was derived from a mutant of S. typhimurium LT-2 
(Oeschger alld Hartman, 1970). This allele reverts by the action of fi:ameshift tnutagens. 
The hisG46 allele is a spontaneous base substitution mutant of S. typhimurium L T -2 and 
reverts by base substitutiontnutations (Hartlnan et al., 1971; Hoppe et al., 1979). The 
target sequences for both alleles have been published (Haliman et al., 1986). 
All of these strains contain at least two tnutations which increase their susceptibility 
to mutagens. The rfa mutation causes a loss of the lipopolysaccharide coat thus 
increasing pern1eability to large tnolecules. The deletion of the uvr B gene prevents the 
coding for the error free DNA excision repair system. All strains except TA1538 contain 
the ｒｾｦ｡｣ｴｯｲ＠ plastnid, pKM101 which contains all ampicillin resistance mal·ker and 
enhallces all error-prone DNA repair systetn (Maron and Atnes, 1983). YG1024, a 
derivative ofTA98 and YG1029, a derivative ofTAIOO, were developed with elevated 
levels of acetyl-CoA: ｎｾｨｹ､ｲｯｸｹ｡ｲｹｬ｡ｬｮｩｮ･＠ O-acetyltral1sferase (OAT) by the insertion 
of the n1ulticopy plasmid pYG219 which also contains a tetracycline resistance tnarker 
(Watanabe et al., 1990). TA98/l ,8-DNP 6 is deficient in 0-acetyltransferase and contains 
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a - 1 fi:runeshift mutation in the coding region of the gene (McCoy et a!., 1983; Watanabe 
et al., 1992). S. typhimurium strains TA98 and TA1538 were originally provided by Dr. 
B.N. Ames, University ofCalifmnia (Berkeley, CA, USA), strains YG1024 and YG1029 
by Dr. T. No1uni, National Institute of Hygienic Sciences (Tokyo, Japan) and strain 
TA98/1 ,8-DNP 6 by Dr. H. Rosenkranz (University of Pittsburgh, PA, USA). The bacteria 
were stored as frozen pennanents at -80°C. Master plates were prepared from the frozen 
pennanents and were used according to Maron ru1d Ames (1983). 
2.2.7.3 Testing for strain properties 
Genetic n1arkers were tested in every experitnent using the procedures of Zeiger et 
al. (1981 ). Atnpicillin resistance and/or tetracycline resistance were analysed by growing 
the bacteria overnight in Luria-Bonner (LB) medium with these supplements. The 
presence of 1narkers was also tested in the following manner. The titred bacterial 
suspension (1 00 j..tl) was spread upon the stuface of ru1 LB plate. Sterile filter paper disks 
containing an ru1tibiotic or crystal violet were placed upon the bacteria. The presence of 
a clear zone of inhibition arotmd the disk (toxicity) denoted the presence of the 
appropriate n1utation. Figure 2-3 illustrates TA1538 which expressed atnpicillin 
sensitivity (left, 250 ｾｌｧＩ＠ and the tfa 1nutation (right, disk saturated with 0.1% crystal 
violet). 
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Figure 2-3. Salmonella typhimurium genetic markers. 
Strain TAl 538 spread on aLB medium plate expressing ampicillin 
sensitivity (left disk) and crystal violet sensitivity (right disk). 
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2.2. 7.4 Preincubation-suspension method 
For each experitnent an overnight culture of S. typhimurium was grown fi·otn a single 
colony isolate in100 tnl ofLB n1edium at 37°C with shaking (200 rpm). The medium 
was supplemented with ampicillin (50 j.!g/ml) and tetracycline (3.1 Jlg/ml) for strains 
YG 1024 and YG 1 029; only ampicillin was added with strains TA98 and TA98/1 ,8-
DNP 6• Cultures of TA153 8 contained no suppletnents. The bacterial suspension was 
centrifuged at 4000 x g for 5 tnin at 4 o C, the supernatant was decanted and the bacterial 
pellet was resuspended in 100 tnM potassitun phosphate buffer (PPB), and the procedure 
was repeated. The bactedal pellet was finally suspended in 1 0 ml of 100 mM PPB. The 
titre of the bacterial suspension was determined spectrophotometrically by adding 0.05 
ml of the bacterial suspension to 4.95 tnl PPB and measuring the optical density against 
a buffer blank (5 ml), at 660 nm using a Bausch and Lotnb Spectronic 20 spectrophoto-
tneter. The titre (in colony forming units) was calculated according to the following 
fonnula: 
cell titre= (OD6601101) (6.67x108 colony-forming unitsllnl) (5.0 ml/0.05 ml). 
Appropriate runounts of the bacterial suspension and PPB were tnixed to yield a final 
concentration of 2x 1010 cells/ml; this solution was placed on ice. Each reaction tube 
contained 100 j..tl of bacterial suspension (2 x 109 cells)., generally less thru1 10 !J.l of the 
chemical dissolved in DMSO, and PPB to a final volume of 1 tnl. The reaction tubes 
were incubated for 1 h in a shaking incubator (200 rptn) at 37°C. Concunent negative 
controls consisted of PPB. After the incubation, 250 ｾｴｬ＠ aliquots (5x 108 bacteria) in 
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triplicate were added to 2 ml ofn1olten Vogel-Botmer (VB) top agar supplemented with 
550 ｾｌｍ＠ histidine and 550 ｾｍ＠ biotin. The top agar was poured onto VB tninimal medimn 
plates. These plates were incubated for 72 hat 37°C and revertant his+ colonies were 
scored. The nutnber of surviving S. typhimurium cells was determined by retnoving an 
aliquot (1 00 ｾＱＩ＠ fi·om each reaction tube. After an appropriate serial dilution in PPB, the 
suspension was plated onto LB n1edium. These plates were incubated for 24 h and the 
resulting colonies were cotmted. 
2.2.7.5 Mammalian activation assay (S9) 
The S9 fraction was ptu·chased frotn Molecular Toxicology, Inc., Annapolis, MD, 
USA. The S9 fi·action was a suspension of rat hepatic post-n1itochrondial supernatant 
isolated from Aroclor 1254-induced tnale Sprague-Dawley rat liver. S9 contains 
cytochrome P-450 monooxygenases that are involved in the activation ofpromutagens. 
The S9tnix was prepared according to the method ofMaron and An1es (1983) and was 
prepared with the final concentrations as shown in Table 2-8. 
Table 2-8. S9 mix. 
Component Concentration 
MgC12 lOmM 
I<Cl 30mM 
Sodiutn phosphate buffer, pH 7.4 50mM 
Glucose-6-phosphate 5mM 
NADP 4tnM 
S9 fraction 10% (v/v) 
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In all experhnents with 1nanunalian activation, 0.5 ml of the S9 n1ix was substituted for 
the smne volutne of PPB in each reaction tube and there was a concunent negative 
control ofPPB plus 89 tnix. 
2.2. 7.6 Preparation of TXlMX 
Long-tenn plant cell suspension cultures of tobacco (Nicotiana tabacum), the non-
photosynthetic cell line TXl, were 1naintained in MX 1nediun1, a 1nodified liquid culture 
n1edium described by Mtu·ashige and Skoog (1962). The fonnulation of MX medium is 
presented h1 Table 2-9. All cultures were grown in an incubator shaker (150 rptn) at 28°C 
under dark conditions. TX1MX, a cell-free plant activating mixture, was derived from 
mid-stationary-phase cells (Gichner et al., 1995). TX1MX was prepared fro1n a 500-ml 
TXl cell suspension culture that was grown for 8 days. The MX 1nedimn was separated 
frmn the TXl cells with a sterile sieve and cheesecloth. The recovered filtrate was filtered 
under vacuum tlu·ough two layers of sterile Miracloth. The resulting filtrate, TXlMX, 
was stored in 20-tnl aliquots at -80°C. TXlMX had a high peroxidase activity and was 
shown previously to activate m-phenylenediatnine (mPDA), 2-mninofluorene and 
benzidine into intennediates tnutagenic in S. typhimurium strains T A98 and YG 1024 
(Gichner et al., 1995; Plewa et al., 1996; Ju and Plewa, 1997a; Ju and Plewa, 1997b). 
2.2. 7. 7 Protein determination 
The protein concentration of the TXIMX used in this study was 0.115 ｾｴｧＯｊＬｴｬ＠ m1d was 
dete1n1ined by the BioRad protein assay (Richmond, CA, USA). This assay is based on 
the differential colom· change of Coomassie Brillim1t Blue G-250 upon binding with 
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protein. The tnicroassay with a range of 1 - 25 J.tg/ml was used. Protein Standard I, 
lyophilised bovine y-globulin, was stored at -22 oc and rehydrated with 20 tnl of sterile 
distilled water to a final concentration of 1.36 n1g!tnl. For the standard curve, 2 - 20 J.tl 
of the standard was added to cuvettes. Distilled water was added to bring the volume to 
800 ｾｌｬＮ＠ The blanks consisted of 800 J.tl distilled water. BioRad dye reagent concentrate 
(200 J.tl) was added to each cuvette; the cuvette was inverted four times to tnix the 
contents. A five-n1inute tin1e period was allowed for the dye to bind before the optical 
density was recorded at 595 nm. Aliquots ofTXlMX ranging from 10- 50 J.tl, 200 J.ll of 
the dye reagent, and distilled water for a final total volutne of 1 n1l were mixed and the 
optical density was recorded. The concentration of protein in TX1MX was determined 
frotn the protein standard curve. 
Table 2-9. Plant cell culture medium. 
MXMedium 
MSI 100.0 milL 
MSII 10.0 ml/L 
MB+ 10.0 tnl/L 
NaFeEDTA 1.0 ml/L 
2,4-Dichlorophenoxyacetic acid (110 tng/1) 4.0 tnl/L 
Sucrose 30.0 g/L 
pH 5.7- 5.9 
MSI 
Atntnonhun nitrate 16.5 g/L 
Potassium nitrate 19.0 g/L 
Calciun1 chloride dihydrate 4.4 g/L 
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Table 2-9. Plant cell culture medium. 
Magnesiutn sulphate-7H20 3.7 giL 
Potassimn phosphate tnonobasic 1.7 giL 
MSII 
Boric acid 620.0 mg/L 
Manganese sulphate-H20 1.564 g/L 
Zinc sulphate-7H20 860.0 mg/L 
Potassimn iodide 83.0 tng/L 
Sodium tnolybdate-2H20 25.0 mg/L 
Cupric sulphate-5H20 2.5 tng/L 
Cobalt chloride-6H20 2.5 tng/L 
MB+ 
Glycine 200.0 mg/L 
Thian1ine hydrochloride 10.0 tng/L 
Nicotinic acid 50.0 tng/L 
Pyridoxine monohydrochloride 50.0 mg/L 
Myo-inositol 10.0 g/L 
NaFeEDTA 
Disoditun EDTA 33.5 g/L 
Ferrous sulphate-7H20 27.8 g/L 
2.2. 7.8 Plant activation assay (TXlMX) 
The bacterial cells were prepared and titred as described in Section 2.2. 7 .4. Cells 
(2x109) were tnixed with 800 Jll of TX1MX and the chetnical dissolved in DMSO 
(generally less than 10 Jll); the volume was adjusted to 1-ml with 100 111M PPB. For the 
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tubes without plant-activation, PPB· was substituted for TX1MX. The reaction tubes were 
incubated for 1 hat 28°C in a shaking incubator (200 rptn). Mutagenic response was 
detern1ined using S. typhimurium strains as described in Section 2.2. 7 .4. 
2.2.8 Spectrophotometric Analysis 
2.2.8.1 Preparation of S. typlzinzurium cell-free extract 
Strain TA98 was grown in 1 litre of LB mediutn overnight at 37°C in a shaking 
incubator (200 rptn). The bacterial cells were harvested by centrifugation, washed 2x in 
cold PPB and suspended in 10 ml cold extraction buffer (50 mM Tris HCI, pH 7.5, 1 mM 
DTT). The cell suspension was sonicated for two, 30 sec pulses in an ice bath. The 
hmnogenate was centrifuged at 20,000 xg for 20 tnin at 4 oc; the supernatant fluid was 
recovered and centrifuged again at 100,000 xg for 30 min at 4°C. The supernatant fluid 
(cell free extract) was stored in 1-ml aliquots at -80°C. 
2.2.8.2 Spectrophotometric analysis of 2AAAF 
The rate constants for the degradation of 2AAAF ( E 276 = 2.31 x 1 04) in PPB with and 
without paraoxon were determined using a Beckman DU 7400 spectrophotometer. 
2AAAF degradation was analysed in a reaction voltune of ltnl containing 100 mM PPB, 
pH 7.4 and 30 J.Ll2AAAF (15 J.LM). The cuvettes used as blanks were identical except that 
2AAAF was replaced with DMSO. The samples were scanned from 220 to 500 nm at 5-
n1in intervals dtu·ing a 55 min period. The effect of paraoxon was examined in cuvettes 
containing PPB, 15 j.lM 2AAAF and 100 ｾｴｍ＠ paraoxon. Appropriate blanks consisted of 
PPB, DMSO and 100 J.LM paraoxon. Each experin1ent was repeated 5 thnes. The t:ate 
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constants for each experhnent were detennined from the slope of a linear regression of 
the A276 values. 
Spectrophotometric analysis of 15 ｾｍ＠ 2AAAF in PPB with S. typhimurium cytosol 
was conducted m1der identical conditions. Each reaction mixtm·e of 1-tnl contained 10 
ｾｌｬ＠ of the T A98 cell free extract in addition to PPB, 15 J.!M 2AAAF with and without 100 
J.!M paraoxon. Each experhnent was repeated 5 times. The rate constants for each 
experilnent were determined frotn the slope of a linear regression of the A276 values. 
2.2.9 Statistical Analysis 
Data fron1 the exper.llnents were transferred to Microsoft Excel-7 spreadsheets 
(Microsoft Corp., Redtnond, W A) and analysed using the statistical and graphical 
fi.u1ctions ofSigtnaPlot Win95 2.0 and Sign1aStat 2.0 (SPSS Inc., Chicago, IL). The tail 
tnoment values in the SCGE assay are not nonnally distributed and violate the 
requiren1ents for analysis by parrunetric statistics. To resolve this problen1 two methods 
were en1ployed. For the data presented in Chapter 3 the SCGE data were analysed using 
a Kruskal-Wallis one way AN OVA on ranks. If a significant H value, (Kruskal-Wallis 
test statistic) of P ｾ＠ 0.05 was obtained, a comparison of all treattnent groups versus the 
control group (Dtum's n1ethod) was conducted. For the SCGE data in the other chapters 
the slide was used as the unit of meastu·e rather than the cell. This statistical approach was 
suggested by Dr. D.P. Lovell (BIBRA Inten1ational) at a recent international conference 
on the SCGE assay (Anderson and Plewa, 1998; Lovell et al., 1999). The mean ru1d 
tnedian tailtnotnent value for each slide was determined. The averaged mean tailtnotnent 
value and the averaged tnedian tailtnoment value obtained fron1 repeated experiments 
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were used with an one-way analysis of variance test. If a significant Fvalue of ｐｾＰＮＰＵ＠
was obtained, a Dunnett's tnultiple con1parison versus the control group analysis was 
conducted. In all cases, the power of the test statistic (p) was ｾＰＮＸ＠ at a=0.05. 
The data obtained fi·otn flow cytometry, forward tnutation (gpt) and reverse mutation 
(his) experitnents were evaluated using analysis of variance as the test statistic. Analysis 
of variance (ANOV A) was used to test for differences runong the treatn1ent groups within 
an experimental series. If a significant F value (P ｾ＠ 0.05) was obtained, each treatment 
group and its corresponding negative control was tested for significance using the 
Dunnett's test for multiple cotnparisons. 
To compare the degradation rate constants of 2AAAF with or without paraoxon in 
PPB buffer or in S. typhimurium cell fi.·ee extract, a t-test was used on the mean of the 
calculated rate constants of the conesponding control atld the tnean of the calculated rate 
constants of the experitnent. Within an experhnent, 5 control (without paraoxon) rate 
constants and 5 experin1ental (with paraoxon) rate constru1ts were analysed. The null 
hypothesis was rejected if a significant difference (P ｾ＠ 0.05) was obtained and if the 
power of the test exceeded 0.8 with a= 0.05. 
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CHAPTER3 
GENOTOXIC SYNERGY BETWEEN 
PARAOXON AND AROMATIC AMINES 
---------------- -----
3.1 Introduction 
Genotoxic synergy is the phenomenon whereby the combined action of two or more 
agents exceeds the sumtned genotoxic potency of the individual agents. Synergistic 
responses are rarely incorporated in risk assessment models; however, such responses are 
extretnely itnportant in establishing the true toxicological characteristics of agents that 
impact upon the envit·onn1ent and the public health (Shelton eta!. , 1994; Taylor et al., 
1995; Sugitnura, 1998). We recently observed that paraoxon and several environmental 
arotnatic amines interact synergistically, under conditions of plant-activation, to generate 
an enhanced n1utagenic response in Salmonella typhimurium strains (Gichner et a!., 
1996). Paraoxon is the non-mutagenic active metabolite of the organophosphorus ester 
insecticide parathion. Organophosphorus ester insecticides are globally employed and are 
enviromnental contaminants. Aron1atic an1ines (arylatnines) are ubiquitous global 
envirotunental contaminants and are potent anhnal-activated and plant-activated promuta-
gens. The observation that these agents can induce a synergistic mutagenic response 
suggests that their environtnental toxicity (and perhaps the toxicity of these chemical 
classes) tnay be underestitnated. Pesticides represent a tnajor source of global contanlina-
tion; approximately 2.9x 109 kg of active ingredients are used world-wide atmually 
(World Resotu·ces, 1998). The enhanced genotoxic phenotnenon associated with agents 
that are global environmental contan1inants raises concerns about their impact not only 
upon the public health but also on biological systen1s in the enviromnent. 
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3.1.1 Paraoxon 
Organophosphorus ester insecticides are the most heavily used insecticides in the 
United States with nearly tn1iversal exposure of the population resulting fi.·on1 treatment 
of pets, homes, gardens and/or workplaces (Davis et al., 1992). In one survey, 
approxilnately 10% of the general population had urinary residues consistent with recent 
organophosphotus ester exposure (Kutz et al., 1992). The toxicity of all organophos-
photus ester insecticides, in tnanunals as well as in insects, is due to their inhibition of 
acetylcholinesterase (Ecobichon, 1991). This enzytne tnediates the degradation of the 
neurotransn1itter acetylcholine; the inhibition of this enzytne causes um·egulated 
continuous over-stin11tlation of the target muscles. Thiophosphorus con1pounds (P=S) do 
not inhibit acetylcholinesterase but are rapidly converted to the oxon (P=O) in all species. 
In matnmals, parathion is metabolised by cytochrome P-450 enzyn1es to paraoxon 
( diethyl p-nitrophenylphosphate) (Figtu·e 3-1) and p-nitrophenol (Nakatsugawa, 1992; 
Butler and Murray, 1993). Parathion (parathion-ethyl) (Figure 3-1), a heavily used 
agriculttu·al insecticide, was bmmed in the United States during the em·ly 1990s. Its close 
analogue, tnethyl parathion (parathion-tnethyl) (Figure 3-1) is still heavily used and 
exposure retnains widespread. The consUinption ofn1ethyl parathion in the U.S. in 1995 
was 2.7xl06 kg (Chetnical & Engineering News, 1996). Although methyl parathion is not 
permitted for indoor use and is legally restricted to use by licensed applicators, more than 
80 restaU1·m1ts in Chicago, IL were illegally treated with tnethyl parathion in 1992 alone 
(Francis, 1994). In Decetnber 1996, the Mississippi State Department of Health (1996) 
declm·ed a pesticide etnergency because over 2,000 homes and businesses were illegally 
treated with tnethyl pm·athion. 
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Paraoxon: activated 
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s 0 llocu3 0 2N o- p' 'ocH3 
Parathion-methyl 
Figure 3-1. Chemical structure of parathion, paraoxon 
and related organophosphorus ester insecticides. 
Paraoxon is not a mutagen or protnutagen, but it was repotted to be a deacetylase 
inhibitor (Irving, 1966). Paraoxon repressed the tnutagenicity of several arylamine 
tnetabolites in Chinese hatnster ovaty (CHO) cells (Heflich et al., 1988), V79 cells (Glatt 
and Oesch, 1985), and inS. typhimurium (Hongslo et al., 1983; Hatcher et al., 1993). 
Thus, in the literature paraoxon was considered to have antimutagenic properties by 
interfering with the deacetylation of arylan1ine acetoxy tnetabolites atld preventing the 
fonnation of the mutagenic nitrenhun ion (Heflich et al., 1988). 
3.1.2 Plant Activation and Arylamine Promutagens 
Plant activation is a process by which a pron1utagen is metabolically transfonned into 
a tnutagen by a platlt system (Plewa et al., 1983). Using the plant cell/microbe coin-
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cubation assay, several species of plant cells in suspension culture activated the 
tnonocyclic arylrunine m-phenylenediamine (mPDA) as detected in strains of S. 
typhimurium (Lhotka et al., 1987; Plewa et al., 1993; Seo et al., 1993). Arylan1ines are 
employed as intern1ediates in textile dying, wood processing, and in the manufacture of 
pharmaceuticals, munitions, pesticides atld plastics. Many of these agents ru·e classical 
pron1utagens atld procarcinogens and have been used to resolve questions involving 
tnutagenic activation, cru1cer induction and hmnan polymorphic sensitivity to environ-
tnental agents (Weisbtu·ger, 1988). These agents ru·e substrates for tnamn1alian activation 
by the cytochron1e P-450-nlediated pathway (Guengerich et al., 1988), the flavin 
monooxygenase systetn (Frederick et al., 1982) as well as by cellular peroxidases such 
as prostaglandin H synthase (Eling et al., 1988) and plru1t peroxidases (Wagner et al., 
1990; Plewa et al., 1991; Gichner et al., 1994a; Ju and Plewa, 1997a). Arylamine 
protnutagens have been employed as a class of tnodel con1pounds to study the 
tnechanistns of plant activation (Plewa and Wagner, 1993). 
3.1.3 Interaction of Arylamines With Paraoxon in the Presence of a 
Plant Activation System 
The ptu-pose of previous studies conducted in this laboratory was to detennine if the 
deacetylase inhibitor pru·aoxon repressed the tnutagenicity of plant-activated mPDA and 
other specific arylamines (Giclmer et al., 1996). This would itnply that at least some of 
might be 
the plant-activated mutagenic products N-acetoxy metabolites. The null hypothesis 
A 
was that there would be no difference in the tnutagenic potency of the plant-activated 
arylan1ines with or without paraoxon. 
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3.1.3.1 Paraoxon-mediated mutagenic synergy with plant-activated mPDA 
Initial experiments with paraoxon and plant-activated mPDA were conducted to test 
the hypothesis that the ultimate n1utagenic fonn after plant activation was an N-acetoxy 
1netabolite, and that paraoxon would repress its mutagenicity (Plewa et al., 1995a). Plant 
activation was conducted under plant cell/n1icrobe coincubation conditions using intact 
plant cells (Nicotiana tabacum, cell line TX1) (Plewa et al., 1983) or using a plant-cell 
free activation mixture (TXIMX) (Giclmer et al., 1995; Giclmer et al., 1996). With both 
tnethods of activation, paraoxon unexpectedly enhanced the tnutagenic potency of 
mPDA. The tnutagenic potency ofmPDA after TXl cell activation or TX1MX cell free 
activation was significantly increased over 10-fold by paraoxon (Giclmer et al., 1996). 
These experiments were conducted at non-toxic conditions to S. typhimurium YG 1024. 
mPDA in the absence of an activation systen1 was not tnutagenic. The mPDA plus 
paraoxon mutagenic synergy observed in the plant cell!Inicrobe coincubation assay or the 
cell free TX1MX activation assay was not statistically different. 
It could be argued that the high concentrations of paraoxon used in the fotmer studies 
(up to 320 J..LM) could be responsible for the discrepancy between the above observations 
and those generally reported in the literattu·e. In order to address this, a set of experiments 
were conducted to analyse the effect of low concentrations of paraoxon (1- 50 J.!M). The 
mutagenic synergy of TXlMX-activated mPDA increased directly as a function of 
paraoxon concentration, while paraoxon alone was not mutagenic. mPDA plus 25 J.!M 
paraoxon with no activation systen1 elicited no n1utagenic response. Paraoxon was not 
tnutagenic directly or after plant activation (Gichner et al., 1996). 
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3.1.3.2 Effect of paraoxon on the isomers of phenylenediamine 
Of the three isotners ofphenylenediatnine, only mPDA was activated by TXIMX into 
a mutagen in YG1024. These tln·ee iso1ners were assayed with TXlMX activation and 
a paraoxon concentration range of 20 - 320 ｾｍＮ＠ Only mPDA (1 00 ｾｍＩ＠ was activated 
with TXlMX atld expressed the paraoxon tnutagenic synergy. oPDA orpPDA (400 ｾｍＩ＠
were refractory to TXIMX activation and neither isotner demonstrated an enhru1ced 
n1utagenic response within the paraoxon concentrC\tion range studied. Thus the paraoxon 
n1utagenic synergy did not extend to the phenylenedian1ine isomers that were not 
substrates for TXIMX activation (Gichner et al., 1996). 
3.1.3.3 Effect of parathion and p-nitrophenol on TXlMX-activated mPDA 
In n1at1ID1als, the cytochrome P450 tnetabolistn of the insecticide parathion generates 
two prin1ary end products: (i) the toxic agent, paraoxon that is produced by desulphur-
ation, ru1d (ii) p-nitrophenol generated by the oxidative cleavage of the phosphorothioate 
ester (Butler and Mw·ray, 1993). Parathion and p-nitrophenol were analysed with 
TXlMX-activated mPDA for mutagenic synergy inS. typhimurium strain YG1024. 
Pru·athion, at a concentration range of 100 ｾｌｍ＠ - 2 mM, was not activated into a mutagen. 
No significant increase in the tnutagenicity ofTXIMX-activated mPDA was observed 
as a function of increasing concentration of pru·athion. Likewise, p-nitrophenol, at a 
concentration range of 500 ｾｍＭ 4 mM, was not mutagenic nor did it engender a 
mutagenic synergistic response with TXIMX-activated mPDA. Thus the tnutagenic 
synergy with TXlMX-activated mPDA was litnited to paraoxon (Gichner et al., 1996). 
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3.1.3.4 Effect of paraoxon on mutagenic specificity 
In earlier studies, plant-activated mPDA induced reversion at the frruneshift mutation 
hisD3052 inS. typhimurium strain YG1024 but not at the base-substitution mutation 
hisG46 in strain YG1029 (Seo et al., 1993). To test if the paraoxon mutagenic synergy 
would alter) this mutagenic specificity, TX1MX-activated mPDA with and without 
paraoxon was assayed with strain YG1029. There was no significant induction in the 
mutant yield with or without 100 ｾｴｍ＠ paraoxon (Gichner et al., 1996). Thus the 
pru·aoxon-tnediated 1nutagenic synergy observed at hisD3052 was not detected at hisG46 
and paraoxon did not alter the 1nutagenic specificity ofTX1MX-activated mPDA. 
3.1.3.5 Mutagenic synergy with TXlMX-activated mPDA plus paraoxon in S. 
typhimurium strains that express different levels of 0-acetyltransferase 
It was reported that the mutagenic activity of plru1t-activated ru·ylamine products was 
dependent upon the expression of acetyl-CoA:N-hydroxyarylamine 0-acetyltra.nsferase 
(OAT) activity in specific Salmonella tester strains (Seo et al., 1993; Wagner et al., 1994; 
Gichner et al., 1995). Strain YG1024 over-expresses OAT, TA98 expresses the wild-type 
level of OAT atld TA98/1 ,8-DNP 6 cruTies a frameshift mutation in the OAT gene 
resulting in a lack of expression of this enzyme (Watanabe et al., 1990; Watanabe et al., 
1992). The tru·get gene of these strains is reversion at hisD3052. These strains were 
employed to evaluate the effect of OAT expression on the mutagenic synergy of 
TXt MX-activated mPDA plus paraoxon. Without OAT expression, no 1nutagenic activity 
was observed. At the highest pru·aoxon concentration, YG1024 had a 2.2x increase in the 
tnutant yield over that of strain TA98. Using linear regression analysis of the slopes of 
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the concentration-response ctu·ves, the rate of the mutagenic synergy of TX1MX-
activated mPDA plus paraoxon expressed by YG 1024 was double the rate observed in 
TA98. This finding suggested that there was some type of interaction atnong the 
acetyltransferase, the TX1MX-activated arylarnine substrate and the paraoxon-mediated 
mutagenic synergy (Gichner et al., 1996). 
3.1.3.6 Mutagenic synergy with 2-aceto:xyacetylaininofluorene plus paraoxon 
As a class, the an1inofluorenes ar1d their tnetabolites are the most widely studied ar-yl-
runines for their tnutagenic and cru·cinogenic properties (Heflich and Neft, 1994). Since 
the data on the enhancing effect of paraoxon on arylamine mutagenicity were not 
supported by the literature, one possibility for the pru·aoxon-dependent mutagenic synergy 
was that it was a function ofTX1 cell or TXlMX activation. 2-Acetoxyacetylaminofluor-
ene (2AAAF) is an extretnely potent direct acting tnutagen in strain YG 1024 (Gichner 
et al., 1994b ). To detern1ine if the pru·aoxon-dependent mutagenic synergy was 
independent ofTXlMX activation, the tnutagenicity of 1 f.lM 2AAAF was exatnined as 
a function of pru·aoxon concentration directly in potassium phosphate buffer with 
YG 1024. Under non-toxic conditions, a significru1t mutagenic synergy was induced in 
YG 1024 as a function of paraoxon concentration. These findings supported the view that 
the paraoxon-n1ediated n1utagenic synergy was independent of metabolic activation. 
O-acetyltrru1sferase in the S. typhimurium tester strains is necessru·y to metabolise the 
plant-activated mPDA proxitnate mutagen(s) into the ultitnate n1utagen. Using S. typhi-
murium strains that expressed different levels of OAT, the effect of 0-acetyltransferase 
was evaluated on the paraoxon-dependent mutagenic synergy with 2AAAF. At non-toxic 
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conditions, all tluee S. typhimurium strains, YG 1 024, T A98 and T A98/1 ,8-DNP 6 
exhibited an enhanced tnutagenic response to 1 ｾｍ＠ 2AAAF as a function of paraoxon 
concentration. Linear regression analysis of the paraoxon concentration-response curves 
showed no differences in the rate of the 2AAAF-induced tnutant yields of strains 
YG 1024, TA98, and TA98/1 ,8-DNP 6• The experiments with 2AAAF demonstrated that 
the tnutagenic synergy mediated by paraoxon required an activated (N-acetoxyamino) 
arylamine and that OAT played no direct role in the mechanism of the paraoxon synergy. 
3.1.3. 7 Summary of previous work 
In sumtnary, these data indicate that paraoxon exerted a dramatic tnutagenic 
synergistic effect with plant-activated mPDA or with 2AAAF in S. typhimurium cells. 
This synergy (i) was lhnited to paraoxon and did not include the parent compound 
(parathion) or the other major metabolite of parathion (p-nitrophenol), (ii) was dependent 
upon the presence of an activated form of the arylatnine, and (iii) did not alter the 
tnutagenic specificity of the genotoxic response. 
3.1.3.8 Objectives of current research project 
The overall purpose of the current study was to further define and investigate the 
n1echanism(s) of the synergistic effects between paraoxon and arylamines. The choice of 
arylrunines to investigate for pru·aoxon-mediated mutagenic synergy was expanded to 
include tnonocyclic, bicyclic, tricyclic and polycyclic arylamines for structure-activity 
analysis. Included in this group were n1onocyclic ru·ylrunines that have been classified as 
ubiquitous envirotunental contan1inants by the United States Environmental Protection 
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Agency (mPDA, oPDA, and pPDA) as well as one oxidative condensation product of 
oPDA that is also a recognised envirorunental hazard (2,3-diaminophenazine). The 
heterocyclic dietary carcinogens 2-atnino-3-tnethylimidazo-( 4,51)quinoline (IQ) and 
2-amino-1-tnethyl-6-phenylimidazo(4,5-b)pyridine (PhiP) were represented as well as 
other well-defined carcinogens (benzidine, 2-atninofluorene (2AF), 6-aminochrysene, 
Ｒｾ｡ｭｩｮｯ｣ｨｲｹｳ･ｮ･＠ and Ｖｾｴｮ･ｴｨｹｬ｣ｨｲｹｳ･ｮ･＠ ). 
The specific objectives were (i) to evaluate the n1utagenic synergy of pm·aoxon at1d 
arylan1ines after plm1t-activation or matmnalian microsomal activation inS. typhimurium, 
(ii) to con1pm·e the tnutagenic synergy of pm·aoxon atld tnammalian-activated mylamines, 
including dietmy mylan1ines inS. typhimurium with the identical substrates in the single 
cell gel electrophoresis (SCGE) assay with human lytnphocytes, atld (iii) to elucidate the 
tnechanistns of the pm·aoxon-tnediated synergistic response. 
3.2 Materials and Methods 
3.2.1 Materials 
The materials used in each assay have been described in Section 2.1. Stock solutions 
oftnost of the m·ylamines atld pm·aoxon were prepm·ed in ditnethylsulphoxide (DMSO); 
the isomers of phenylenediamine were dissolved in 100 tnM potassium phosphate buffer 
(PPB), pH 7.4. The sources of the S. typhimurium strains m·e presented in Section2.2.7.2. 
80 
3.2.2 Methods 
The preincubation-suspension method, mamn1alian activation assay (S9), preparation 
ofTXlMX and the plant activation assay are outlined in Section 2.2.7. The methods for 
the spectrophototnetric analysis of2AAAF are presented in Section 2.2.8. 
3.2.2.1 Experiments with human ly1nphocytes 
The tnethods using human lyn1phocytes were modified frotn those presented in 
Section 2.2.6.4. The collection and separation of the lymphocytes were identical to that 
in Section 2.2.6.4. The lytnphocytes were washed with phosphate-buffered saline (PBS) 
and suspended in tnedium at approximately 2x 105 cells/ml. The lytnphocyte suspension 
(50 ｾｴｬＬ＠ ... 1 04 cells) was exposed to the arylrunines with or without an activation tnixtw·e 
containing Aroclor 1254-induced rat hepatic tnicrosotnal mix (S9) (1% v/v per reaction 
tube). The S9 fraction used in the lymphocyte studies was purchased from the Robens 
Institute, University of StuTey, U.K. The total volume of each reaction tube was 1 ml. 
The cells were incubated for 1-4 hat 37°C. The procedw·es for prepru·ing the slides and 
subsequent analysis ru·e outlined in Sections 2.2.1.5 and 2.2.6.4. The tail tnoment 
(integrated value of DNA density multiplied by the tnigration distance) was used as the 
prin1ary tneasw·e of DNA dan1age. Concentration-response experiments were repeated 
twice, with two replicates per experhnent, and the data were combined. 
3.2.2.2 Statistical analysis 
The data obtained from the S. typhimurium experin1ents were evaluated using analysis 
of variance as the test statistic, as described in Section 2.2.9. The data frotn the SCGE 
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assay in this chapter were analysed using a Kruskal-Wallis one way ANOVA on ranks 
(Section 2.2.9). The 2AAAF degradation rate constants were analysed using a !-test as 
described in Section 2.2.9. 
3.3 Results 
3.3.1 Paraoxon-Mediated Mutagenic Synergy in S. typhimurium 
3.3.1.1 Concentration-response analysis of aromatic and heterocyclic amines 
A concentration-response curve was determined with S. typhimurium YG 1024 for 
each aromatic atnine promutagen. The data illustrate that the promutagens used expressed 
a wide range of mutagenic potency that encompassed 8 orders of magnitude (Figw·e 3-2). 
Monocyclic, hi cyclic, and tricyclic ru·otnatic and heterocyclic atnines were employed with 
mrunmalian n1icroso1nal activation or plant activation. From the concentration-response 
data, a single concentration for each agent that induced atl increase of approxin1ately 3 -
5 x the spontru1eous mutation frequency was selected for the mutagenic synergy 
experitnents. For S9 activation the concentrations for each protnutagen were: 25 j.!M 
mPDA, 75 ｾｴｍ＠ oPDA, 1 mM pPDA, 500 nM benzidine, 1.5 j.!M 2-atninofluorene (2AF), 
500 nM 2,3-diatninophenazine (DAP), 1 nM 2-atnino-3-tnethylimidazo-( 4,5-.f)quinoline 
(IQ) and 500 nM 2-amino-1-methyl-6-phenylimidazo( 4,5-b )pyridine (PhiP). For TXl MX 
plant activation the concentrations were 20 j.!M benzidine and 8 j.!M 2AF. 
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3.3.1.2 Paraoxon-mediated mutagenic synergy with mammalian-activated isomers 
of phenylenediamine 
The tnutagenic potency of 25 ｾｍ＠ mPDA with 89 activation was significantly (F7•40 
= 176.2, ｐｾ＠ 0.001) increased 3.9-fold by paraoxon in a concentration range from 20-
100 ｾｍ＠ (Figure 3-3). oPDA (75 ｾｴｍＩ＠ after S9-activation induced 159 YG 1024 revertants 
per 5 x 108 cells plated. At non-toxic conditions, paraoxon at a concentration range of 
200-750 ｾｍ＠ induced a significant (F11 •90 = 58.7, P :s; 0.001) increase in the mutagenic 
potency of S9-activated oPDA (Figure 3-3). The tnaximtun fold increase of oPDA with 
paraoxon was 11.6-fold. A much higher concentration of S9-activated pPDA (I mM) was 
required to induce an increase in tnutagenic response over the control ( 106 YG I 024 
revertants per 5 x 108 cells plated). Likewise, tnuch higher concentrations of paraoxon 
(625- 1000 ｾｍＩ＠ were necessary to significantly (F8,54 = 9.59, P :s; O.OOI) increase the 
reversion fi·equency exhibited by the S9-activated pPDA alone (Figure 3-3). These 
experitnents were conducted under non-toxic conditions as indicated by the number of 
surviving cells (Figure 3-3). Paraoxon alone in a concentration range from 50 ｾｍＭ I 
tnM plus S9 did not increase the mutation fi·equency of strain YG1024 (Figure 3-3). 
3.3.1.3 Paraoxon-mediated mutagenic synergy with mammalian-activated bicyclic 
and tricyclic aromatic amines 
With mamtnalian activation, the effect of paraoxon was exatnined with the m·omatic 
amines, benzidine, 2,3-diatninophenazine (DAP), and 2-aminofluorene (2AF). 
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Figure 3-2. Concentration-response curves of aromatic and heterocyclic amines. 
Activation mixtures (white symbols) containing Aroclor 1254-induced rat hepatic microsomal mix (S9, 5% v/v per reaction tube) 
or plant cell-free activation mixture (black symbols) {TX1 MX, 80% v!v per reaction tube) were incubated with S. typhimurium 
strain YG1024 under suspension conditions for 1 h. Abbreviations: IQ, 2-amino-3-methylimidazo-(4,5-f)quinoline; Ph!P, 2-
amino-1-methyl-6-phenylimidazo-(4,5-b)pyridine; DAP, 2,3-diaminophenazine; 2AF, 2-aminojluorene; mPDA, oPDA or pPDA, 
meta, ortho, or para-phenylenediamine; 2AAAF, 2-acetoxyacetylaminojluorene; 6AC or 2AC, 6- or 2-aminochrysene. 
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Figure 3-3. Paraoxon-mediated mutagenic synergy of the 
meta, ortho, and para isomers of phenylenediamine. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (S9) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain YG 1024 under suspension conditions for 1 h with paraoxon and m- · 
phenylenediamine (25 p.M 0), a-phenylenediamine (75 pM 0 ), p-
phenylenediamine (1 mMv) or paraoxon alone (.t.). The percent surviving 
cells (D) represents a composite of the individual survival curves generated 
concurrently for all of the experiments presented in this figure. The average 
spontaneous revertant frequency was 53 revertants/5 x] 08 cells plated The 
results are expressed as the mean ± the standard error of 3 experiments with 
triplicate plates. 
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Paraoxon, at a concentration range fi·otn 25- 750 J.LM, significantly (F7,87 = 29.3, P ::::;; 
0.001) enhanced the mutagenic potency of 500 nM benzidine (Figure 3-4) with nearly a 
two-fold increase in YG 1024 revertants at the higher paraoxon concentrations. A much 
greater mutagenic synergy was observed with paraoxon and tnruntnalian-activated DAP 
or 2AF. Withtnammalian activation, 500 nM DAP induced 130 YG1024 revet1ants per 
5 x 108 cells plated. However, with concentrations of paraoxon fi·mn 150 - 250 J.LM, a 
significant (F6,56 = 30.5, P ｾ＠ 0.001) increase in the induction of revertants of approxi-
nlately 8.4-fold was observed (Figure 3-4). A similru· response was observed with 2AF 
after mrunmalian activation. 1.5 J.LM 2AF induced 298 YG1024 revet1ants per 5xl08 cells 
plated. The mutagenic potency of 2AF with S9 activation was significru1tly (F13,86 = 
124 .2, P ::::;; 0. 001) increased over 7.1-fold by paraoxon at a concentration rang-e fi·om 5 -
200 J.LM (Figure 3-4). These experiments were conducted under non-toxic conditions 
(Figtu·e 3-4). 
3.3.1.4 Paraoxon-mediated mutagenic synergy with plant-activated benzidine or 
2AF 
A series of experhnents were conducted with TX1MX as the activation system, 
benzidine or 2AF as the tnodel mutagens ru1d a concentration rru1ge of paraoxon frotn 
20-320 J.!M. Without pru·aoxon, 20 J.LM benzidine activated with TX1MX induced 438 
YG1024 revertants per 5x108 cells plated. There was a significant (F5,24 = 18.7, P ::::;; 
0.001) concentration-dependent increase in revertants with increasing paraoxon 
concentrations of 40 J.LM and above, with a 2.7-fold increase with 320 J.!M paraoxon 
(Figure 3-5). Plru1t-activated 2AF alone induced 194 YG 1024 revertants per 5 x 108 cells 
plated. 
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Figure 3-4. Paraoxon-mediated mutagenic synergy of 
polycyclic aromatic amines. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (89) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain YG 1024 under suspension conditions for 1 h with paraoxon and 2-
aminojluorene (1.5 p.MO), 2,3-diaminophenazine (500 nM 0), or benzidine 
( 5 00 nM v ). The percent surviving cells (D) represents a composite of the 
individual survival curves generated concurrently for all of the experiments 
presented in this figure. The average spontaneous revertant frequency was 
48 revertants/5 x] 08 cells plated The results are expressed as the mean ± the 
standard error of 3 experiments with triplicate plates. 
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Figure 3-5. Paraoxon-mediated mutagenic synergy of 2-
aminofluorene and benzidine. 
Activation mixtures containing plant cell-free activation mixture (I'Xl MX) 
(80% v/v per reaction tube) were incubated with S. typhimurium strain 
YG 1024 under suspension conditions for 1 h with paraoxon and 2-
aminojluorene (8 p.M 0), or benzidine (20 p.M 0). The percent surviving 
cells (D) represents a composite of the individual survival curves generated 
concurrently for all of the experiments presented in this figure. The average 
spontaneous revertant frequency was 47 revertants/5 x] 08 cells plated The 
results are expressed as the mean ± the standard error of 3 experiments with 
triplicate plates. 
88 
With increasing paraoxon concentrations of 40 J..lM and above there was a significant 
(F527 = 167.9, P ｾ＠ 0.001) increase in the tnutagenic response reaching a maximmn 
increase of 4.9-fold with 320 J..lM paraoxon (Figm·e 3-5). These experitnents were 
conducted under non-toxic conditions (Figm·e 3-5). 
3.3.1.5 Paraoxon-mediated mutagenic synergy with mammalian-activated dietary 
heterocyclic amines 
The paraoxon-mediated mutagenic synergy with n1ru.nmalian-activated mPDA was 
compared with two dietary heterocyclic amines, 2-amino-3-methylimidazo-( 4,5:/)quin-
oline (IQ) and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhiP). 89-activated 
mPDA (25 JlM) without paraoxon induced 157 YG 1024 reveliants per 5 x 108 cells plated 
(Figure 3-6). With a concentration rru.1ge of paraoxon fi.·on110 - 100 J-LM (Figm·e 3-6A), 
a significant increase in the n1utation fi.·equency (F7• 40 = 176.2, ｐｾｏＮｏｏｬＩ＠ was recorded 
at a concentration of 20 JlM paraoxon and above. The paraoxon-mediated synergy 
induced a 4-fold increase in the reversion fi.·equency induced by 25 JlM mPDA alone. 
mPDA in the presence of 89 and pru.·aoxon was not toxic to the bacteria (Figm·e 3-6A). 
Pru.·aoxon and 89, in the absence of mPDA, at a concentration range from 50- 400 J.!M 
did not induce a significant increase in the reversion frequency ofYG 1024 (Figm·e. 3-6B). 
89-activated IQ at a concentration of 1 nM induced a mean reversion frequency of 
215 revertants per 5 x 1 08 Y G 1 024 cells plated. Pru.·aoxon at a range of 1 0 - 3 00 JlM 
induced a significant synergistic response in the mutagenicity of IQ (F8• 72 = 29.9, 
ｐｾＰＮＰＰＱＩ＠ (Figtu·e 3-7). 
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Figure 3-6. (A) Paraoxon-mediated mutagenic synergy of m-
phenylenediamine. (B) Mutagenic response of paraoxon in the 
presence of S9. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (89) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain YG1024 under suspension conditions for 1 h with paraoxon alone (e) 
or paraoxon and m-phenylenediamine (25 p.M 0). The percent surviving 
cells (D) represents a composite of the individual survival curves generated 
concurrently for all of the experiments presented in this figure. The average 
spontaneous revertant frequency was 57 revertants/5 x] 08 cells plated The 
results are expressed as the mean ± the standard error of 2 experiments with 
triplicate plates. 
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Figure 3-7. Paraoxon-mediated mutagenic synergy of IQ. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (S9) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain YG 1024 under suspension conditions for 1 h with paraoxon and 2-
amino-3-methylimidazo-(4,5-j)quinoline (1 nM 0). The percent surviving 
cells (D) represents a composite of the individual survival curves generated 
concurrently for all of the experiments presented in this figure. The average 
spontaneous revertant frequency was 49 revertants/5 x] 08 cells plated The 
results are expressed as the mean ± the standard error of 3 experiments with 
triplicate plates. 
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This response reached a plateau above 100 J.t.M paraoxon with a 2 fold increase in the 
reversion frequency. IQ plus 89 was not toxic to S. typhimurium with 10 - 250 J.t.M 
paraoxon (Figure 3-7). With 300 J.t.M paraoxon, there was a decrease in cell survival. 
89 .. activated PhiP (500 nM) induced a mean reversion frequency of266 revertants 
per 5 x 108 YG 1024 cells plated. Mutagenic synergy was observed at a paraoxon 
concentration range of 100-300 J.t.M (F8, 69 = 57.8, Ps:0.001) (Figure 3-8). PhiP in the 
presence of89 was not toxic to S. typhimurium when exposed to 10-250 J.t.M paraoxon 
(Figtu·e 3-8). The paraoxon-mediated synergy induced a 4.6 fold increase in the reversion 
frequency elicited by 500 nM PhiP alone. 
3.3.1.6 Paraoxon-mediated mutagenic synergy with mammalian-activated polycyclic 
aromatic amines 
A concentration-response curve was detern1ined with S. typhimurium YG 1024 for 
mam1nalian-activated 6-atninocluysene, 2-runinochrysene and 6-Inethylchrysene (Figure 
3-9). Both 6-a1ninochrysene and 2-aininochrysene were mutagenic. 6-Methylchrysene 
(0 - 100 J.t.M) was not mutagenic with 89 activation. A limited study to detect mutagenic 
synergy was conducted consisting of one experhnent with paraoxon and each of the three 
substrates. There was no mutagenic synergy expressed between paraoxon and 6 .. 
methylchrysene (results not shown). Although with 6-an1inochrysene and 2-aminochrys-
ene there was some degree of 1nutagenic synergy with paraoxon, there was no 
concentration-dependent increase. Both 6-atninochrysene and 2-atninochrysene were 
directly mutagenic although not to the same degree as in the presence of 89. 
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Figure 3-8. Paraoxon-mediated mutagenic synergy of PhiP. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (S9) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain YG1024 under suspension conditions for 1 h with paraoxon and 2-
amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (500 nM 0). The percent 
surviving cells (D) represents a composite of the individual survival curves 
generated concurrently for all of the experiments presented in this figure. The 
average spontaneous revertant frequency was 55 revertants/5x108 cells 
plated. The results are expressed as the mean ± the standard error of 3 
experiments with triplicate plates. 
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Figure 3-9. Concentration-response curves of 6-
aminochrysene, 2-aminochrysene and 6-methylchrysene. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (89) (5% v/v per reaction tube) were incubated with S. typhimurium 
strain YG 1024 under suspension conditions for 1 h with 6-aminochrysene 
(0), 2-aminochrysene (D), or 6-methylchrysene ＨｾＩＮ＠ The average 
spontaneous revertant frequency was 41 revertants/5 x1 08 cells plated The 
results are expressed as the mean of 2 experiments with triplicate plates. 
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Figure 3-10. Concentration-response curves of 6-
aminochrysene, 2-aminochrysene and 6-methylchrysene. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (S9) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain TA98 under suspension conditions for 1 h with 6-aminochrysene ( 0 ), 
2-aminochrysene (D), or 6-methylchrysene (t..). The average spontaneous 
revertant frequency was 3 7 revertants/5 x 108 cells plated The results are 
expressed as the mean of 2 experiments with triplicate plates. 
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6-Aminochrysene (5 !J.M) induced 1,160 revertants in the absence ofS9 activation and 
2, 772 revertants in the presence of S9 activation per 5 x 108 YG 1024 cells plated. 2-
Aminochrysene (7.5 J.!M) induced 643 revet1ants in the absence of S9 activation and 
3,416 revertants in the presence ofS9 activation per 5x108 YG1024 cells plated. 
Due to the fact that 6-runinocln)'sene and 2-runinochrysene were directly mutagenic 
to a degree in strain YG 1024 and exhibited no concentration-dependent increase of 
tnutagenicity with pru·aoxon, fm1her pru·aoxon studies were conducted at the identical 
target gene (hisD3052) inS. typhimurium strain TA98. The results of the chemicals 
without paraoxon were in general agreen1ent with those obtained with YG 1024. With S9 
activation, 6-runinochrysene was slightly more mutagenic than 2-aminoclu·ysene while 
6-methylchrysene was not n1utagenic (Figure 3-10). The complicating factor of the direct 
n1utagenicity of 6-aminochrysene and 2-atninoclu·ysene was much less in strain TA98. 
6-Aminocht)'sene (5 11-M) induced 88 revertants in the absence of S9 activation and 183 
revertants in the presence ofS9 activation per 5x108 TA98 cells plated. 2-Aminocht)'sene 
(7.5 !J.M) induced 132 reveliants in the absence ofS9 activation and 200 revet1ants in the 
presence of S9 activation per 5 x 108 T A98 cells plated. The concentrations selected for 
the experiments with T A98 and pru·aoxon were 5 !J.M 6-an1inochrysene, 7.5 !J.M 2-
aminocluysene and 100 11-M 6-methylcht·ysene. 
S9-activated 6-aminochrysene (5 J.!M) without paraoxon induced 267 TA98 reve11ru1ts 
per 5x108 cells plated (Figure 3-llB). With a concentration range ofpru·aoxon from 50-
400 J.!M, a significant increase in the mutation frequency (F8, 18 = 6.3, ｐｾｏＮｏｏｬＩ＠ was 
observed with a concentration of 100 ｾｌｍ＠ paraoxon ru1d above. The pru·aoxon-mediated 
synergy caused a 2-fold increase in the reversion frequency induced by 5 ｾｴｍ＠ 6-amino-
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chrysene alone. 89-activated 2-aminochrysene (7.5 !J.M) induced a 1nean reversion 
frequency of 129 revertants per 5xl08 TA98 cells plated. With 2-aminochrysene, there 
was no consistent trend in 1nutagenic synergy induced by paraoxon at a range of 50- 400 
!J.M (Figm·e 3-llB). There was no decrease in cell Stn'Vival with either 6-aminochrysene 
or 2-aminochrysene in the presence of paraoxon (Figm·e 3-11A). There was no mutagenic 
synergy expressed between paraoxon (50- 500 !J.M) and 100 J.!M 6-methylchrysene 
(Figm·e 3-llB, F 10,22 = 1.16, P = 0.364). There was a slight decrease in cell s1u·vival with 
Ｖｾｭ･ｴｨｹｬ｣ｨｲｹｳ･ｮ･＠ and increasing paraoxon concentrations (Figure 3-11A). 
3.3.2 Paraoxon-Mediated Mutagenic Synergy in Human Lymphocytes 
Using the SCGE assay with human ly1nphocytes, the genotoxic potency of mPDA, 
IQ and PhiP was assayed for paraoxon-mediated 1nodulation. In a concentration range 
of 500 nM - 500 J.!M, exposm·e to paraoxon for a 2-h period did not influence the sm'Vival 
rate of the hmnan ly1nphocytes (Figure 3-12). There was no statistically significant 
concentration-dependent increase in the 1nean tail moment values (Figure 3-12). Thus, 
paraoxon was not genotoxic to hmnan lymphocytes. 
With 500 nM- 500 !J.M paraoxon, 10 mM mPDA was not toxic to the ly1nphocytes 
(Figure 3-13). Hu1nan ly1nphocytes have the capacity to activate mPDA and do not 
require external S9 activation (Plewa et al., 1995b ). When the lymphocytes were exposed 
to paraoxon and mPDA, a significant genotoxic synergy was observed (H = 277.7 with 
11 degrees of freedom (DOF), P ｾ＠ 0.001). Concentrations of paraoxon of 5 !J.M and 
above potentiated the genotoxicity of 10 1nM mPDA, 15-fold at the highest paraoxon 
concentration (Figure 3-13). 
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Figure 3-11. Paraoxon-mediated survival (A) and mutagenic 
synergy (B) of 6-aminochrysene, 2-aminochrysene and 6-
methylchrysene. 
Activation mi.:\:tures containing Aroclor 1254-induced rat hepatic microsomal 
mix (S9) (5% vlv per reaction tube) were incubated with S. typhimurium 
strain TA98 under suspension conditions for 1 h with paraoxon and 6-
aminochrysene (5 pMO), 2-aminochrysene (7.5 pMD), or 6-methylchrysene 
(1 00 pM h.). (A) The percent surviving cells after treatment with 6-
aminochrysene, 2-aminochrysene, or 6-methylchrysene were measured (0, 
D, and h. respectively). The average spontaneous revertant frequency was 2 5 
revertants/5 x 108 cells plated. This graph is a composite of 5 experiments. 
The results are expressed as the mean of triplicate plates. 
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Figure 3-12. Analysis of paraoxon in the SCGE assay. 
Human lymphocytes were exposed for 2 h to paraoxon. Genotoxicity was 
measured as the median SCGE tail moment values (0). The survival of the 
lymphocytes was determined immediately after treatment with trypan blue 
vital dye (D). The data were from 2 experiments with 2 replicates per 
experiment. 
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Figure 3-13. Analysis of paraoxon and mPDA in the SCGE 
assay. 
Human lymphocytes were exposed for 4 h to 10 mM mP DA and paraoxon. 
Genotoxicity was measured as the median SCGE tail moment values ( 0 ). The 
survival of the lymphocytes was determined immediately after treatment with 
trypan blue vital dye (D). The data were from 2 experiments with 2 replicates 
per experiment. 
100 
600 f.LM IQ in the presence of paraoxon (1 - 500 ｾｴｍＩ＠ did not induce a substantial 
decrease in the viability of the lyn1phocytes (Figure 3-14). The tnediannegative control 
tailtnoment value was 4.5 f.l111. 600 f.LM IQ without paraoxon induced a significantly 
higher tnedian tail motnent of 33.6 f.Lm (H = 1817, P $ 0.001). Genotoxic synergy and 
antigenotoxicity were observed at different paraoxon concentrations (Figw·e 3-14). IQ in 
the presence of paraoxon concentrations of25 and 50 f.LM expressed a significant increase 
in the SCGE tail n1oment values as cotnpared to 600 f.LM IQ alone. However, an 
antigenotoxic response was observed in the presence of 500 f.LM paraoxon when 
compared with IQ alone (H= 57.9 with 9 DOF, P $ 0.001). 
Two concentrations ofPhiP (50 f.LM for 1 h treatlnent or 100 f.!M for 2 h treatment) 
with S9 activation were evaluated for paraoxon-dependent genotoxic synergy and/or 
antigenotoxicity. Paraoxon at a concentration range of 1 - 500 f.!M with 89-activated 
PhiP did not induce a decrease in lytnphocyte viability (Figw·e 3-15). Paraoxon alone did 
not induce DNA datnage in hun1an lytnphocytes (Figure 3-15). Both concentrations of 
PhiP in the presence ofS9, but without pm·aoxon, induced significat1tly higher SCGE tail 
moment values than their corresponding negative controls. The median tail moment 
values for the controls were 3.5 and 2.9 f.Ltn; the median tail motnent values for the 50 
and 100 f.LM PiliP treattnent groups were 22.6 and 72.2 f.!nl, respectively (H = 1,294 and 
1,275, respectively, P ｾ＠ 0.001). With the higher PiliP concentration, a slight enhancement 
in genotoxicity was observed with pm·aoxon concentrations of 1 - 10 f.LM; a significant 
antigenotoxic response was observed with the higher pm·aoxon concentrations (H = 195 
with 7 DOF, P $ 0.001) (Figure 3-15). 
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Figure 3-14. Analysis of paraoxon and IQ in the SCGE assay. 
Human lymphocytes were exposed for 1 h to 600 pM IQ and paraoxon. 
Genotoxicity was measured as the median SCGE tail moment values ( 0). The 
survival of the lymphocytes was determined immediately after treatment with 
trypan blue vital dye (D). The data were from 2 experiments with 2 replicates 
per experiment. 
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Figure 3-15. Analysis of paraoxon and PhiP in the SCGE 
assay. 
Genotoxicity in human lymphocytes exposed for 1 h with 50 pM Ph!P and 
paraoxon (v) or 2 h with 100 pM Ph!P and paraoxon (0) with an activation 
mixture containing Aroclor 1254-induced rat hepatic microsomal mix (S9) 
(1% vlv per reaction tube) was analysed with the SCGE assay. Genotoxicity 
of paraoxon alone was also measured (A). The survival of the lymphocytes 
was determined immediately after treatment with trypan blue vital dye (D). 
The data were from 2 experiments with 2 replicates per experiment. 
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3.3.3 Mechanisms of the Paraoxon-Mediated Synergy 
3.3.3.1 Spectrophotometric analysis of 2AAAF ± paraoxon 
.A spectrophotometric analysis of 2AAAF and paraoxon was conducted to determine 
if paraoxon and 2AAAF could react and generate novel products that were more 
n1utagenic than the parent cotnpounds. The degradation of 15 ｾｍ＠ 2AAAF in PPB with 
or without paraoxon was tneasured spectrophotometrically in a wavelength range of 
220-500 nm at 5-min intervals during a 55 min titne period. There was a reduction in 
the A276 values over titne. The spectra frotn a representative control (without paraoxon) 
and experitnental group (with paraoxon) are presented in Figure 3-16 (A and B). 
Spectrophotometric analysis of 15 ｾｍ＠ 2AAAF in PPB with S. typhimurium cytosol was 
conducted under identical conditions. The spectra fron1 a representative control and 
experimental group are presented in Figtu·e 3-16 (C and D). The rate constant for the 
degradation of 15 f.!M 2AAAF was detennined by conducting a linear regression analysis 
of the absorbance at 276nn1 as a function oftitne (Figtu-e 3-17). The tnean (±standard 
error) rate constants for the degradation of 2AAAF in PPB in the absence or in the 
presence of 100 ｾｌｍ＠ paraoxon were -2.333 ± 0.004 X 10-3 and -2.353 ± 0.002 X 10-3, 
respectively. These rate constants were not statistically different (P = 0.71). The effect 
ofT A98 cell fi·ee extract on the rate constants of 2AAAF degradation in the presence and 
absence of 100 ｾｍ＠ paraoxon was cotnpared. Each 1-ml volume reaction tnixture 
contained 10 fll of a 100x TA98 cell free extract. The tnean (± standard error) rate 
constants for the degradation of 2AAAF in the resulting cell fi·ee extract in the absence 
Or ill the presence ofparaOXOll Were -1.623 ± 0.110 X 10-3 and -1.924 ± 0.540 X 10-3, 
respectively (Figm·e 3-18). These rate constants were not statistically different (P = 0.26). 
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Figure 3-16. Spectrophotometric analysis of 2AAAF with and without paraoxon. 
(A) 2AAAF (15 pM) in 100 mM potassium phosphate buffer pH 7.4 (P P B) was scanned from 220 to 500 nm at 5 min 
intervals for 55 min. (B) 2AAAF (15 pM) with 100 pMparaoxon in PPB was scanned from 220 to 500 nm at 5 min 
intervals for 55 min. (C) 2AAAF (15 pM) inS. typhimurium cytosol and PPB was scanned from 220 to 500 nm at 5 
min intervals for 55 min. (D) 2AAAF (15 pM) with 100 pMparaoxon inS. typhimurium cytosol and PPB was scanned 
from 220 to 500 nm at 5 min intervals for 55 min. Each experiment was repeated 5 times. 
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Figure 3-17. Analysis of the degradation rate constants of 
2AAAF in potassium phosphate bujfe1: 
Analysis of the degradation rate .constant of 2AAAF {15 pM) with and 
without paraoxon (100 pM) plotted on a log (absorbance) versus linear time 
scale. The rate constant for 2AAAF in PPB (0) was k = -0.00233 min -I 
which was determined jron1 5 replicates and the coefficient of linear 
determination (r) was 0.93. The rate constant for 2AAAF in PPB plus para-
oxon (D) was k = -0.00235 min -J which was determined from 5 replicates 
with a r2 of 0. 94. The degradation rates expressed first order kinetics. 
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Figure 3-18. Analysis of the degradation rate constants of 
2AAAF in S. typltimurium cytosol. 
Analysis of the degradation rate constant of 2AAAF (15 pM) with and 
without paraoxon (100 JIM) plotted on a log (absorbance) versus linear time 
scale. The rate constant for 2AAAF in cytosol ( 0) was k = -0. 00162 min -I 
which was determined from 5 replicates and the coefficient of linear 
determination (r2) was 0. 94. The rate constant for 2AAAF in cytosol plus 
paraoxon (D) was k = -0.0019 2 min -I which was determined from 5 
replicates with a r2 of 0. 96. The degradation rates expressed first order 
ldnetics. 
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Time cotu·se experiments were conducted with strain TA98 to compare the decline 
in the A276 values of 2AAAF with the n1utagenic response. Specific concentrations of 
2AAAF were mixed with PPB and held at room tetnperature for specific time periods 
(0- 60 tnin). After each titne period, TA98 cells were introduced and treated for 1 h. The 
tnutant frequency at hisD3052 was detennined for each holding period. There was a 
dh·ect relationship between the reduction in the A276 values of2AAAF (Figure 3-19) and 
the reduction in the mutagenic potency of 2AAAF (Figure 3-19). Identical experhnents 
were conducted with 2AAAF and 50 J..lM paraoxon. Over thne there was a direct 
relationship between the reduction in the A276 values of 2AAAF plus paraoxon and the 
reduction in the tnutagenic potency of2AAAF plus paraoxon (Figure 3-20). 
3.3.3.2 Effect of DNA error-prone repair of S. typltimurium on the paraoxon-
mediated synergy 
The responses of the S. typhimurium strains TA98 and TA1538 were compared to 
detennine if the paraoxon-tnediated n1utagenic synergy required error-prone by-pass 
(SOS) DNA repair. Strains TA98 and TA1538 contain the hisD3052 target allele. In 
addition T A98 contains the pK.Ml 01 plastnid which encodes for the overexpression of 
SOS repair genes (Maron and Atnes, 1983). Data were analysed as a percent of the 
positive control of each strain (activated ru·on1atic amine without pru·aoxon). If the 
synergy required the expression of SOS repair, the percent increase over their respective 
positive controls would be significantly different between the two strains. If SOS error 
prone repair was not directly involved, then the rate of increase over the positive control 
as a function of paraoxon concentration would be sitnilru·. 
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Figure 3-19. The relationship between 2AAAF degradation 
and its mutagenic activity. 
This graph represents the comparison of data fi·om two separate sets of 
studies. 2-Acetoxyacetylaminofluorene (15 pM) in P P B was measured 
spectrophotometrically at specific time periods ( 0). The experimental 
conditions for the spectrophotometric analysis are defined in Figure 3-16. 
For the mutagenicity experiments, 2AAAF (500 nM or 1 pM) was mixed in 
P P B and held at room temperature for the indicated time periods (0 - 60 
min). After each time period, S. typhimurium strain TA98 cells were 
introduced and treated for 1 h at 3 7 °C. The mutant frequency was 
determined for each holding period (e) and was expressed as a percent of 
the time 0 (no holding time) 2AAAF control. The average spontaneous 
mutant frequency was 23 revertants/5xJ08 cells plated. The 
spectrophotometric experiments were repeated 5 times, the mutagenicity 
experiments were repeated 4 times and the error bars represent the standard 
error of the mean. 
109 
s..... 100 lJ t§ CD 0.50 @ co \ .m ｾ＠co \ Q, .c 75 a. ,_.. ens:: :r ｟ｧｾ＠ ｾ＠ CD a. a =f ｳＺＺＺｾ＠ \ ｾ＠·-co (iJO.. 50 [i)J ｾｾ＠ a 
-...;.....-::::l. 
0.40 g Eo S:::LO ｾ＠｣Ｎｯｾ＠ a !'---NO. 25 
-
-ro l:}) 
ｾ＠ 0.35 m .........,. 
s::: 
ro 
.a 
1-
0 0 en 0 10 20 30 40 50 60 ｾ＠
Time(min) 
Figure 3-20. The relationship between 2AAAF degradation 
and its mutagenic activity in the presence of paraoxon. 
This graph represents the comparison of data from two separate sets of 
studies. 2-Acetoxyacetylaminojluorene (15 p.M) in the presence of paraoxon 
(1 00 p.M) in PPB was measured spectrophotometrically at specific time 
periods (0). The experimental conditions for the spectrophotometric analysis 
are defined in Figure 3-16. For the mutagenicity experiments, 2AAAF (250 
or 5 00 nM) was mixed with 50 p.M paraoxon in P P B and held at room 
temperature for the indicated time periods (0- 60 min). After each time 
period, S. typhimurium strain T A98 ｣･ｬｬｾ＠ were introduced and treated for 1 
h at 3 7 °C. The mutant frequency was determined for each holding period 
(e) and was expressed as a percent of the time 0 (no holding time) 2AAAF 
and paraoxon control. The average spontaneous mutant frequency was 22 
revertants/5 x] 08 cells plated. The spectrophotometric experiments were 
repeated 5 times, the mutagenicity experiments were repeated 2 times and the 
error bars represent the standard error of the mean. 
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Direct-acting 2AAAF and the arotnatic amine, mPDA with mammalian S9 activation 
or with TX1MX activation, were chosen for these studies. Concentration-response 
experilnents for each arylrunine were initially conducted to establish a concentration that 
would induce a significru1t increase over the spontaneous mutation fi·equency in strains 
TA98 and TA1538. The concentration of 2AAAF en1ployed in the experin1ents with 
paraoxon was 250 nM with TA98 and 1 1-1M with TA1538 (Figure 3-21). With S9 
activation 500 1-1M mPDA was used with both strains (Figure 3-22). With TX1MX 
activation, 100 JlM mPDA was used with both strains (Figure 3-22). 
With 2AAAF, there was a difference in the percent increase of tnutagenicity between 
the two bacterial strains. With T A98, the 1nutagenic potency of 250 nM 2AAAF was 
significru1tly (F1085 = 13.7, P s; 0.001) increased 2.6 fold by paraoxon at a concentration 
range of 50 - 500 J.lM (Figure 3-23B). With TA1538, there was no increase in the 
n1utagenic potency of 1 1-1M 2AAAF with increasing pru·aoxon concentrations (Figure 3-
23B, F9,71 = 1.05, P = 0.408). These experiments were conducted under non-toxic 
conditions (Figm·e 3-23A). Paraoxon alone in a concentration range from 100 - 500 1-1M 
was neither mutagenic nor toxic to both bacterial strains (data not shown). 
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Figure 3-21. Concentration-response curves of 2AAAF. 
S. typhimurium strains TA98 (0) or TA1538 (e) were incubated under 
suspension conditions for 1 h with 2AAAF. The average spontaneous 
revertant frequency was 21 and 16 revertants/5x108 cells plated for TA98 
and TA1538, respectively. The results are expressed as the mean ± the 
standard error of an experiment with triplicate plates for TA98 and 2 
experiments with triplicate plates for TA1538. 
112 
............. 500 
w 
U) 
+I ...._ 
"C 400 Q) 
• 
....... 
m 
0:: 
CJ) 
Q) 300 
0 
cxo 
or-
>< LO 200 
'-
<1> 
c.. 
CJ) 0 TA98 +S9 
....... 
• TA98 +TX1MX c 100 (\1 TA1538 +S9 t:: D 
<1> • TA1538 +TX1MX > <1> 
0::: 0 
0 250 500 750 1000 1250 1500 
m-Phenylenediamine (J.JM) 
Figure 3-22. Concentration-response curves ofmPDA. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (89, 5% v/v per reaction tube) were incubated with S. typhimurium 
strains TA98 (0) or TA1538 (D) under suspension conditions for 1 h with 
mP DA. Activation mixtures containing plant cell-free activation mixture 
(TXJ MX, 80% vlv per reaction tube) were incubated with S. typhimurium 
strains TA98 (e) or TA1538 (•) under suspension conditions for 1 h with 
mP DA. The average spontaneous revertant .frequency with S9 activation was 
70 and 18 revertants/5xJ08 cells plated for TA98 and TA1538, respectively. 
The average spontaneous revertant .frequency with TXJ MX activation was 24 
and 18 revertants/5 x] rl cells plated for TA98 and TA1538, respectively. The 
results are expressed as the mean ± the standard error of 4 experiments with 
triplicate plates for TA98 and 2 experiments for TA1538. 
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Figure 3-23. Paraoxon-mediated cell survival (A) and 
mutagenic synergy (B) of 2AAAF. 
S. typhimurium strains TA98 or TA1538 were incubated with 2-
acetoxyacetylaminofluorene and paraoxon under suspension conditions for 
1 h. The concentration of 2AAAF was 250 nM with TA98 and 1 pM with 
TA1538. (A) The percent surviving cells for TA98 and TA1538 were 
measured (0 and D, respectively). (B) The mu.tagenic synergy with paraoxon 
is expressed as a percent of the positive control (2AAAF in the absence of 
paraoxon) in TA98 and TAJ538 (0 and D, respectively). The positive 
controls for TA98 and TA1538 were 523 and 138 revertants/5 x] 08 cells 
plated, respectively. The average spontaneous revertant ft·equency was 20 
and 17 revertants/5 x] QB cells plated for TA98 and TA1538, respectively. The 
results are expressed as the mean ± the standard error of 3 experiments with 
triplicate plates for each strain. 
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mPDA plus S9 activation was analysed to compare the effect of SOS DNA repair on 
synergy with a protnutagen. Both TA98 and TA1538 exhibited statistically significant 
increases over their respective positive control with increasing paraoxon (Figure 3-24B). 
For TA98 the paraoxon concentration range that induced a significant increase (F11 ,54 = 
8.72, P ｾ＠ 0.001) in the tnutant frequency was 250-750 J.lM and for TA1538, paraoxon 
concentrations frotn 200- 750 J.lM induced a significant increase (F7.43 = 61.98, P ｾ＠
0.001) over their respective positive controls. The maximum fold increases over the 
control were 6.2 fold for TA98 and 5.5 fold for TA1538. These experiments were 
conducted under non-toxic conditions (Figure 3-24A). 
The srune protnutagen (mPDA) with TX1MX activation was inve_stigated with both 
TA98 ru1d TA1538 to compru·e the effect ofSOS repair on synergy with a plant-activated 
protnutagen. With 100- 500 J.tM pru·aoxon, TA98 demonstrated a statistically significant 
increase (F10,69 = 65.52, P s: 0.001) over the positive control (Figure 3-25B). The 
1naximun1 fold increase was 6.4. With 50 - 500 J.tM pru·aoxon, TA1538 exhibited a 
statistically significru1t increase (F10,73 = 39.51, P s: 0.001) over the TA1538 positive 
control (Figtu·e 3-25B). The maxitnum fold increase over the control in strain TA1538 
was 6.5 fold. These experiments were conducted under non-toxic conditions (Figure 3-
25A). 
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Figure 3-24. Paraoxon-mediated cell survival (A) and 
mutagenic synergy (B) of S9-activated mPDA. 
Activation mixtures containing Aroclor 1254-induced rat hepatic microsomal 
mix (S9, 5% vlv per reaction tube) were incubated with S. typhimurium 
strains TA98 or TA1538, mPDA, and paraoxon under suspension conditions 
for 1 h. The concentration ofmPDA was 500 p.Mfor each strain. (A) The 
percent surviving cells for TA98 and TA1538 were measured (0 and 0, 
respectively). (B) The mutagenic synergy with paraoxon is expressed as a 
percent of the positive control (mP DA in the absence of paraoxon) in TA98 
and TA1538 (0 and 0, respectively). The positive controls for TA98 and 
TA1538 were 263 and 234 revertants/5x108 cells plated, respectively. The 
average spontaneous revertant fiAequency was 86 and 22 revertants/5 x1 08 
cells plated for TA98 and TA1538, respectively. The results are expressed as 
the mean ± the standard error of 3 experiments with triplicate plates for each 
strain. 
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Figure 3-25. Paraoxon-mediated cell survival (A) and 
mutagenic synergy (B) of TXJMX-activated mPDA. 
Activation mixtures containing plant cell-free activation mixture (I'X1 MX 
80% v/v per reaction tube) were incubated with S. typhimurium strains TA98 
or TA1538, mPDA, and paraoxon under suspension conditions for 1 h. The 
concentration of mP DA was 100 pM for each strain. (A) The percent 
surviving cells for TA98 and TA1538 were measured (0 and D, 
respectively). (B) The mutagenic synergy with paraoxon is expressed as a 
percent of the positive control (mPDA in the absence of paraoxon) in TA98 
and TA1538 (0 and D, respectively). The positive controls for TA98 and 
TA1538 were 94 and 172 revertants/5x108 cells plated, respectively. The 
average spontaneous revertant frequency was 28 and 13 revertants/5 x1 08 
cells plated for TA98 and TA1538, respectively. The results are expressed as 
the mean ± the standard error of 3 experiments with triplicate plates for each 
strain. 
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3.4 Discussion 
3.4.1 Mutagenic Synergy inS. typhimurium 
Binary cotnbinations of complex mixtures and ptu·e chetnicals were evaluated in S. 
typhimurium strain T A98 for their ability to induce additive, subadditive or superadditive 
(synergistic) mutagenic responses (Taylor et al., 1995). The direct-acting tnutagens, 3-
chloro-4-dichloromethyl-5-hydroxy-2-[5HJ-furanone (MX), 1-nitropyrene (1NP) and an 
extract of diesel exhaust (DE) were analysed using the standard plate-incorporation 
protocol. The combinations ofMX and 1NP or DE and 1NP responded in an additive 
manner. Only the combination of MX and DE produced a slight synergistic effect (1.1-
fold over the individual mutagens). Binary combinations of 4-aminobiphenyl (4AB), 
benzo[a]pyrene (BP) and an organic extract of the effluent from polyethylene 
incineration (PE) were investigated in the presence of three concentrations of 89. 
8ubadditivity was displayed with almost all combinations of promutagens. Additive 
tnutagenicity was observed with BP and PE or with BP and 4AB in the presence of 18 
and 27% 89. With con1binations of tnutagens, only one slight synergistic effect was 
observed. There are two major differences between this study and the work presented in 
this chapter. In the ctu1·ent work, paraoxon was not a mutagen directly or in the presence 
of 89 or TXIMX activation systems. Furthermore, in this work, the more sensitive 
tnethod of preincubation-suspension was etnployed. All of the ru·on1atic and heterocyclic 
amines analysed expressed mutagenic synergy with pru·aoxon resulting in much greater 
increases in tnutagenicity. 
An enhancement of the tnutagenicity of amino acid pyrolysates by phthalate esters 
was reported in TA98 (8ato et al., 1994). Various phthalate esters increased the 
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mutagenicity of heterocyclic amines including 3-amino-1,4-dimethyl-5H-pyrido[4,3-
b]indole (Trp-P-1), 3-amino-1-methyl-5H-pyrido[4,3-b]indole (Trp-P-2), and IQ. The 
tnaxi1ntm1 enhance1nent was a 7-fold increase in the 1nutagenicity ofTrp-P-2 by phthalic 
acid. Phthalate esters did not affect the n1utagenicity of BP or 4-nitroquinoline 1-oxide 
(4NQO). There was no induction of the SOS response. The tnutagenic synergy required 
the activation of the amino acid pyrolysates by S9 isolated fron1 Aroclor 1254-treated 
rats. This might represent another example of mutagenic synergy that is a cause for 
concern, since phthalate esters are widely used as plasticisers and exposure to both 
phthalate esters and amino acid pyrolysates is widespread. 
Previous studies demonstrated that paraoxon and 2AAAF or paraoxon and plant-
activated mPDA generated a concentration-dependent mutagenic synergy in S. 
typhimurium (Giclmer et al., 1996). This phenomenon was unexpected; paraoxon was 
originally chosen from the literature as a deacetylase inhibitor and a repression of 
mutagenicity was predicted inS typhimurium. Paraoxon alone, paraoxon with TX1MX, 
the parent insecticide parathion, or its other prin1ary tnetabolite p-nitrophenol were not 
mutagenic (Gichner et al., 1996). In the current study paraoxon with mamtnalian S9 was 
not 1nutagenic in strains YG1024 and TA98. 
The experiments in the current study were conducted to detetmine if paraoxon-
mediated mutagenic synergy was expressed with other armnatic and heterocyclic amines 
and whether there were any structural requiretnents. Ten S9-activated and two plant-
activated agents were chosen to represent a wide diversity in the structure of the amines; 
these amines expressed tnutagenic potency over a range of 8 orders of n1agnitude. All of 
the analysed atnines expressed pat·aoxon-tnediated mutagenic synergy to vru·ying degrees. 
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All three phenylenedirunine isomers were activated by 89 into mutagens as detected 
with S. typhimurium strain YG 1024. However, the degree of mutagenicity varied 
markedly among the three isotners; mPDA was the most mutagenic followed by oPDA 
and pPDA. Concentration-response experin1ents were conducted to determine the 
concentration of each isotner that would increase the reversion frequency 2 - 3 tilnes 
above the spontaneous mutant frequency. The concentrations selected for the paraoxon 
studies were 25 j.!M mPDA, 75 JlM oPDA, and 1 mM pPDA. With these isomer 
concentrations held constant, the pru·aoxon concentrations that induced a statistically 
significant increase over the activated arylrunine alone were 20 j.!M and above with 
mPDA, 200 IJ.M and above with oPDA and 625 ｾｴｍ＠ ru1d above with pPDA. 
One tnechanistn of this paraoxon-tnediated mutagenic synergy may be a reaction 
between paraoxon and the aromatic or heterocyclic runine substrate to generate products 
with higher tnutagenic activity. If there was a shnple one to one moleculru· relationship 
between paraoxon and activated amines, then a maximum synergistic effect would be 
reached with equimolar concentrations of both pru·aoxon and the amine. A plateau in 
mutagenicity would result with higher concentrations of pru·aoxon. There appeared to be 
no simple n1olecule to n1olecule relationship between pru·aoxon and 89-activated mPDA 
or oPDA. No plateau in the tnutant yield was reached in the synergistic response with 25 
ｾｴｍ＠ mPDA ru1d 25 IJ.M pru·aoxon; the mutant yield continued increasing with increasing 
paraoxon concentration. Likewise, the mutant yield continued to increase with 7 5 ｾｊＮｍ＠
oPDA as the paraoxon concentration increased fi·otn 75-750 j.!M. These findings ru·gue 
against a simple reaction between pru·aoxon ru1d these two phenylenediamines that would 
lead to a rate-limiting response ru1d result in a plateau in the mutagenic synergy. This 
120 
increase in mutant yield was observed with most of the aromatic amines assayed in this 
study and was also reported previously (Gichner et a!., 1996) (Figure 3-26A). With 
TXIMX-activated mPDA, there was no plateau in the n1utagenic response. The mutant 
yield continued to increase with increasing paraoxon concentrations (Figure 3-26A). In 
the reciprocal experhnent with a constant concentration of paraoxon, the mutant yield 
continued to increase with increasing mPDA (Figure 3-26B). 
The data with 89-activated pPDA were slightly different. While the fold increases 
were 4-fold and 11-fold with mPDA and oPDA, the 1nutagenic synergy withpPDA and 
paraoxon reached a maximum of only 1.9-fold. 
Of the three phenylenediamine isomers, only mPDA was plant-activated by tobacco 
cells or TXlMX and only mPDA showed a paraoxon-mediated mutagenic synergy 
(Gichner eta!., 1996). In the cunent work employing S9 activation, all three isomers of 
phenylenediamine were activated and exhibited paraoxon-mediated mutagenic synergy. 
Thus the paraoxon tnutagenic synergy required the presence of an activated aromatic 
amine. 
Bicyclic and tricyclic aromatic amines were also activated by 89 and exhibited a 
mutagenic synergy with paraoxon. Paraoxon concentrations that induced a statistically 
significant increase over the activated arylatnine alone were 25 J!M and above with 
benzidine, 150 J!M and above with DAP, and 5 J!M and above with 2AF. The mutagenic 
synergy displayed by 89-activated benzidine and paraoxon resembled the weak 
mutagenic synergy of pPDA and paraoxon. However, the synergy observed between 
DAP or 2AF and paraoxon was silnilar to that of mPDA or oPDA. There was no plateau 
in the n1utagenic response with increasing paraoxon concentrations. 
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Figure 3-26. Paraoxon-mediated mutagenic synergy of 
mPDA. (From Gichner et al., 1996). 
Activation mixtures containing plant ce/1-fi·ee activation mixture (TXJ MX, 80% v/v per 
reaction tube) were incubated with S. typhimurium strain YG 1024 under suspension 
conditions for 1 h. (A) Reaction tubes contained 25 JJM mPDA with paraoxon (0) or 
paraoxon with no mPDA (0). (B) Reaction tubes contained 25 JJM paraoxon with rnPDA 
(0), mPDA with no paraoxon (D) or mPDA with no activation system (v). Results are 
expressed as the mean ± the standard error of 3 experiments with triplicate plates. 
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Benzidine and 2AF were activated into potent tnutagens by plant cells (Wagner et al., 
1994) or with a plant cell-fi:ee activation 1nixture, TX1MX (Ju and Plewa, 1997a; Ju and 
Plewa, 1997b ). Paraoxon concentrations that induced a statistically significant increase 
over the activated arotnatic amine alone were 40 ｾｍ＠ and above with benzidine and 40 
ｾｍ＠ and above with 2AF. No plateau in the tnutagenic response was attained. 
The modulating effect of paraoxon on the n1onocyclic arylamine, mPDA and two 
dietary heterocyclic aro1natic runine promutagens, IQ and PhiP were examined inS. 
typhimurium. The focus of these experiments was to detennine the effect of paraoxon on 
n1utagenic agents that hun1ans are exposed to on a daily basis. Paraoxon induced 
tnutagenic synergy with all three agents. Over the pru·aoxon concentration range of 10 -
100 ｾｴｍ＠ the tnutagenicity of S9-activated mPDA was enhanced 4 fold. If S9-activated 
mPDA interacted directly with paraoxon in ru1 equimolru· mrumer, tnutagenicity would 
have reached a 1naxhnum level at 20 - 30 ｾｍ＠ pru·aoxon. However, the n1utagenic 
synergy continued tn1abated. It appeared that no simple rate limiting step was involved 
in the S9-activated mPDA. A similar phenomenon occurred with plru1t-activated mPDA 
(Gichner et al., 1996). The plant activation of mPDA is peroxidase-1nediated (Plewa et 
al., 1991) while mammalian microsomal S9 activation is cytochro1ne P450-mediated 
(Ames et al., 1972; Shahin et al., 1980). It is difficult to propose a 1nechanism for this 
synergy because the metabolites of S9- and plru1t-activated mPDA appear to be different 
(Plewa and Wagner, 1993) and yet the mutagenic synergy occurred under both 
experimental conditions. 
Of impo11ance ru·e the effects of paraoxon on dietary arylamine promutagens. Within 
the paraoxon concentration rru1ge of 1 0 - 100 ｾｍ＠ a significant, concentration dependent 
123 
mutagenic synergy with S9-activated IQ was observed. Above this concentration no 
ftuther n1utagenic synergy was evident. The fact that the survival of the S. typhimurium 
cells was not affected suggests that a rate litniting reaction was involved in the mutagenic 
synergy between paraoxon and IQ, possibly due to the very low concentration ofiQ (1 
nM). 
PhiP (500 nM) with S9 activation showed a dramatic tnutagenic synergy as a ftmction 
of paraoxon concentration. At the highest concentration of paraoxon (300 J.!M), the 
reversion frequency increased 4.6 fold. Unlike IQ, no plateau in the synergistic response 
was seen throughout the paraoxon concentration range; however it must be pointed out 
that the concentration ofPhiP was 500x higher than the concentration ofiQ. 
Polycyclic aromatic amines were also examined with S9 activation. With T A98 the 
mutagenic potency of 6-runinochrysene was significantly increased by paraoxon, but was 
rather weak (2 fold increase). There was no tnutagenic synergy induced by pru·aoxon with 
2-atninochrysene in TA98. The requiretnent for an activated amino group was 
demonstrated for the expression of synergy with pru·aoxon. 6-Methylchrysene was not 
mutagenic in YG 1024 or in TA98. There was no mutagenic synergy expressed between 
paraoxon and 6-methylchrysene. Thus the paraoxon mutagenic synergy required an 
activated ru·omatic an1ine. 
A comparison of the arotnatic runines analysed for pru·aoxon-tnediated. mutagenic 
synergy inS. typhimurium is presented in Table 3-1. One approach to cotnpru·e the degree 
of n1utagenic synergy was to detennine a mutagenic synergy index (MSI) value for each 
ru·omatic mnine tested. This approach is valid since the bacteria were exposed ·to the 
mutagen atld to paraoxon under identical conditions. 
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Table 3-1. Comparison of properties of aromatic amines with paraoxon-mediated mutagenic synergy. 
Chemical, Chemical Molecular Molecular Molecular Molecular Average Citation 
Weight Length (A) Width (A) 0 Mutagenic Concentration Abstracts Depth (A) 
and Activation Registry Synergy Index 
System Number Value 
mPDA, 100 f.!M, 108-45-2 108.1 8.18353 6.4273 3.2 2.36 Gichner et al., 
TX1MX 1996 
mPDA,25 J.LM, 108-45-2 108.1 8.18353 6.4273 3.2 2.61 Wagner et al., 
S9 1997 
oPDA, 75 f.!M, 95-54-5 108.1 8.26985 6.47822 3.2 0.74 Wagner et al., 
89 1997 
I 
pPDA, 1 mM, 89 106-50-3 108.1 9.01341 5.63734 3.2 0.24 Wagner et al., 
1997 
Benzidine, 500 92-87-5 184.2 13.3068 6.65993 5.30569 1.24 Wagner eta/., 
nM,89 1997 
Benzidine, 20 92-87-5 184.2 13.3068 6.65993 5.30569 1.32 Wagner et al., 
J.LM, TX.lMX 1997 
DAP, 500 nM, 89 655-86-7 210.2 12.5373 7.38184 3.56876 2.86 Wagner et a!., 
1997 
----- -
125 
Table 3-1. Comparison of properties of aromatic amines with paraoxon-mediated mutagenic synergy. 
Chemical, Chemical Molecular Molecular Molecular Molecular Average Citation 
Concentration Abstracts Weight Length (A) Width (A) Depth (A) Mutagenic 
and Activation Registry Synergy Index 
System Number Value 
2AF, 1.5 J.tM, S9 153-78-6 181.2 12.404 7.451 4.219 2.73 Wagner eta!., 
1997 
2AF, 8 J.tM, 153-78-6 181.2 12.404 7.451 4.219 2.08 Wagner et al., 
TX1MX 1997 
IQ, 1 nM, S9 76180-96-6 198.2 11.44 7.98 4.2 1.95 Plewa et al., 
I 1997 
PhiP, 500 nM, S9 105650-23-5 224.3 11.63967 10.48526 6.8535 1.32 Plewa et a!., 
1997 
2AAAF, 1 J.tM 6098-44-8 281.3 13.6946 8.34925 8.15881 1.48 YG1024, Gichner et al., 
1.33 TA98 1996 
6-aminochrysene, 2642-98-0 243.3 13.851 8.627 4.186 0.47 YG1024, Present Study 
5 11M, S9 0.34 TA98 
2-aminochrysene, 789-47-9 243.3 14.53 7.876 3.705 0.32, YG 1024 Present Study 
7.5 J.!M, S9 
' 
· --
- ---- -
---- --
Structural dimensions supplied by Dr. DFV Lewis, University of Surrey, Guildford. 
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The average tnutagenic synergy index was determined by calculating the percent 
frequency of 1nutation above the positive control (activated aromatic amine without 
paraoxon) for the response at each paraoxon concentration. This value was then divided 
by the paraoxon concentration of the specific treatment group. The average of these 
values was determined (Table 3-1). The MSI value represents the increase in nlutagenic-
ity normalised for paraoxon concentration for a specific ru·on1atic amine. Other 
parameters used to compru·e the synergistic response of each chemical included moleculru· 
weight, length, width and depth (Table 3-1 ). There was a wide range of MSI values 
ranging frotn 0.24 (pPDA plus S9) to 2.86 (DAP plus S9). For compru·ison of the 
mutagenic synergy in strain YO 1024 with the physical properties, seven chemicals were 
arranged in rank order of their MSI values (from low to high). These ru·on1atic amines 
were chosen because they represented groups of chemicals that were repeatedly analysed 
for paraoxon-tnediated mutagenic synergy after plant or anhnal activation. A Pearson 
product tnotnent conelation analysis was conducted on the rank order of the MSI values 
and the other parameters listed in Table 3-1. There was no significant relationship 
between the MSI values or molecular weight, 1nolecular length, width or depth. 
An additional analysis was conducted to compru·e the MSI values -with the 3-
ditnensional structure of each chetnical. An average MSI value for benzidine, 2AF and 
mPDA was calculated fi·on1 the individual MSI values fi·om mamtnalian or plant 
activation. The agents, MSI values and their 3-dimensional factors are presented in Table 
3-2. The degree of planarity of the mnine was calculated as the molecular m·ea divided 
by the molecular depth squru·ed. More planm· cotnpounds have higher values (Lewis et 
al., 1986). 
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A Pearson product 1non1ent correlation analysis was conducted on the rank order of 
the MSI values and tnolecular weight, length, width, depth and planarity. There was no 
significant relationship between the MSI values or molecular weight, molecular length, 
width or depth. However, there was a significant, high degree of con-elation between 
increasing MSI values and the increasing degree of planarity (r = 0.91, P < 0.004). 
Table 3-2. Comparison of MSI values with 3-dimensional 
structure. 
Agent Mutagenic Synergy Molecular Area/Depth2 
Index Value (Planarity) 
Benzidine 1.28 3.15 
PhiP 1.32 2.6 
2AAAF 1.48 1.72 
IQ 1.95 5.18 
2AF 2.41 5.19 
mPDA 2.49 5.14 
DAP 2.86 7.27 
The primary family of cytochrotne P450 that is responsible for the activation of 
aron1atic and heterocyclic an1ines is CYP 1 (Iorumides and Parke, 1990). Substrates for 
CYPl ru·e planru·tnolecules with a high area/depth2 ratio (Lewis et al., 1986; Lewis et al., 
1987). Plru1ru·ity of an agent is an ilnpottant factor in detern1ining its interaction with 
CYPl and thus its possible tnetabolism to reactive intetmediates (Ioannides et al., 1993b; 
Ioru1nides et al., 1994a; Ioannides et al., 1994b). In the present study, pru·aoxon may 
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tnodify or stabilise the planarity of the amine thus allowing for a greater ability to 
intercalate DNA and enhance the induction of frruneshift mutations. 
3.4.2 Mutagenic or Genotoxic Synergy in Plant and Animal Systems 
Mutagenic synergy has been reported in a nmnber of plant and animal systems. Most 
of these studies have dealt with cotnbinations of two mutagens, rather than the present 
work of paraoxon (that is not tnutagenic) and ru·otnatic or heterocyclic runines. One of the 
earliest reports of mutagenic synergy is between ethyl methanesulphonate (EMS) ru1d X-
rays in the induction of son1atic mutations in the stamen hairs of Tradescantia (Cebulska-
Wasilewska et al., 1981). Employing the satne plant system, tnutagenic synergy was 
observed between X-rays and n1ethyl tnethanesulphonate (MMS), MMS and EMS 
(Shima and Ichikawa, 1994), and X-rays and dimethylsulphate (DMS) (Shima and 
Ichikawa, 1995). The authors initially suggested that the synergy might be related to 
alkylating agents with higher Swain-Scott substrate constants (s) since no synergy was 
detected between X-rays and N-tnethyl-N-nitrosourea (MNU) that has a lowers value 
than MMS, EMS or DMS (Shitna and Ichikawa, 1995). However, this theory was 
discounted by a later study that reported synergy between X -rays ru1d another n1utagen 
with a lows value, N-ethyl-N-nitrosourea (ENU) (Shima and Ichikawa, 1997). 
Mutagenic synergy in Tradescantia was investigated between X-rays and the 
promutagens, tnaleic hydrazide (MH), oPDA, or N-nitrosodin1ethylrunine (DMN) (Xiao 
and Ichikawa, 1995; Xiao and Ichikawa, 1998) .. Ifthe plants were irradiated 20 or 44 h 
before the treattnent with MH, there was a synergistic effect. If the plants were itTadiated 
dtu·ing or 2 or 44 h after the treatment with MH, predominantly antagonism (lower than 
129 
additive effects) was observed. The authors suggested that the synergistic effects were 
partially due to smne type of interaction between DNA strand breaks induced by X-rays 
and MH, and that the antagonistn was presumed to have resulted from the inhibition of 
the activation ofMH by X-rays (Xiao and Ichikawa, 1995). Peroxidase activity is thought 
to play a role in the activation ofMH in plant cells. Peroxidase activity increased in floral 
tissues of Tradescantia irradiated 20 h before treatlnent with MH and decreased with 
inadiation 20 h after MH treatment (Xiao and Ichikawa, 1996). The authors concluded 
that the increases and decreases in peroxidase activity were related to the synergism and 
antagonistn, respectively, between MH and X-rays. A shnilar pattern of synergy with 
irradiation before mutagen treattnent and antagonistn with irradiation after ｉｾＱｵｴ｡ｧ･ｮ＠
treatn1ent was observed for oPDA and DMN (Xiao and Ichikawa, 1998). 
There are only a few studies concerned with the modulation of genotoxic response 
in the SCGE assay by the action of n1ore than one chemical. In CHO cells, preincubation 
with tnelatonin, the indole honnone of the pineal gland, resulted in a reduction in the 
SCGE tail tnotnent values induced by 7,12-dilnethylbenz(a)anthracene, 
cyclophosphamide, BP and MNU (Musatov et a/., 1998). Melatonin was reported to 
protect cells directly as an antioxidant and indirectly through activation of glutathione 
peroxidase activity. The authors suggested that the protective effect of melatonin in 
tnrumnalian cells tnight be through its indirect receptor-mediated activation of enzytnes, 
although tntlltiple 1nechru1isms ru·e possible. In contrast to its protective effect, tnelatonin 
increased the DNA-drunaging capacity of mitomycin C by approxhnately 3-fold. One 
hypothesis for this synergy was through the enhancement of the tnetabolic reduction of 
mitotnycin C which would result in higher intracellulru·levels ofthe active reduced fotm. 
130 
Lymphocytes are known to express specific cytochrotne P450s, including CYPlAl, 
CYPIBl, CYP2El and CYP4F3, constitutively and after induction (Omiecinski et al., 
1990; VandenHeuvel et al., 1993; Hakkola et al., 1997; Song et al., 1990; Kikuta et al., 
1993 ). However, CYP 1 A2 tnRNA was not expressed in human lymphocytes (Hukkanen 
et al., 1997). Heterocyclic amines including IQ without S9 activation or PhiP with S9 
activation can be activated by human lytnphocytes in a concentration-dependent manner 
(Anderson et al., 1997a; Otsuka et a!., 1996). Although it is unknown whether the 
tnutagenic products produced by lymphocytes are identical with those produced with 
tnamtnalian S9 activation, the cytogenetic effects of Ph.IP were dependent upon its N-
hydroxylation (Otsuka et al., 1996). In earlier studies, mPDA was genotoxic when 
assayed in human lymphocytes in the SCGE assay (Plewa et al., 1995b ). In the present 
work, paraoxon exerted genotoxic synergy by increasing the level of DNA damage 
induced by 10 mM mPDA. At non-lethal concentrations of 5 - 500 J..tM, paraoxon 
significantly increased the median SCGE tail n1o1nent of lymphocytes exposed to I 0 mM 
mPDA. Paraoxon alone did not have any effect. The data fro1n the S. typhimurium and 
the SCGE assays indicate that paraoxon amplified the 1nutagenicity or DNA damage in 
the treated cells. 
In marked contrast to mPDA, IQ when incubated with paraoxon, exhibited an initial 
increase demonstrating genotoxic synergy, followed by a decrease at higher paraoxon 
concentrations. Paraoxon at a concentration of 25 J..tM significantly enhanced this 
genotoxic response to an 11.2 fold increase over the negative control. However, paraoxon 
concentrations greater than 250 ｾｴｍ＠ caused an antigenotoxic i·esponse that was 
significantly below the tail moment value of lymphocytes treated with IQ alone. 
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In a similar fashion to IQ, paraoxon had the same effect on PhiP, causing an initial 
increase followed by a decrease in the genotoxic response in human lytnphocytes. In the 
concentration range of paraoxon studied, no killing of the lytnphocytes was observed. 
A significant increase in the SCGE tailtnotnent value was induced in the lyn1phocytes 
exposed to 100 j.!M PhiP and 10 j.!M paraoxon as compared to lymphocytes treated with 
PhiP alone. However, at paraoxon concentrations above 10 !lM a significant, concentra-
tion dependent antigenotoxic response was observed. At the highest concentration of 
paraoxon, the tnedian SCGE tailtnoment value was reduced by over 70% as compared 
to the PhiP only control. 
Thus, it appears that for the tnonocyclic arotnatic amine, mPDA, there is a 
correspondence between a synergistic mutagenic effect in S. typhimurium and a 
synergistic genotoxic effect in the SCGE assay with human lytnphocytes. A very 
different result was obtained, however, with the two heterocyclic dietary aromatic 
anlines, I Q and PhiP. Both of these chetnicals exhibited a synergistic mutagenic response 
with paraoxon inS. typhimurium, but a relatively smaller increase in genotoxic datnage 
in human lymphocytes was only obtained with low paraoxon concentrations. At higher 
paraoxon concentrations, an antigenotoxic response in the lytnphocytes was observed. 
Clearly the concentrations of both IQ or PhiP and paraoxon m·e impotiant in the 
n1odulation of the genotoxic response. 
A number of flavonoids including silymarin, myricetin, quercetin, kaetnpferol, and 
rutin were analysed with the dietm·y n1utagens, Trp-P-2, IQ or PhiP, in the SCGE assay 
using hwnan lymphocytes and sperm (Anderson et al., 1997a; Anderson et al., 1997b; 
Anderson et al., 1998a). The flavonoids alone as well as the mutagens alone produced 
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increased genotoxic responses. When a specific flavonoid and mutagen were examined 
in cotnbination, there was a synergistic response with lower flavonoid concentrations and 
an antigenotoxic response displayed with higher concentrations. This is the identical 
general trend observed in the cunent study with paraoxon and IQ or PhiP. 
3.4.3 Mechanisms of Synergy 
There are n1any possible tnechanistns for n1utagenic or genotoxic synergy. These 
include, but are not litnited to, a reaction between two agents to generate a tnore potent 
mutagen, an increase in the 1netabolism of the n1utagen, a modification of the stability of 
an intetmediate, or an alteration of the DNA repair system. Synergy may be the result of 
primarily one mechanism or of a combination of n1echanisn1s. 
In human fibroblasts the frequency of 6-thioguanine resistant mutations was enhanced 
several fold with sequential exposure to fo1maldehyde and MNU (Grafstrom et al., 1985). 
Exposure to X-rays or MNU followed by low concentrations of formaldehyde resulted 
in an increase intnutagenicity in Chinese hamster V79 cells (Grafstro1n et al., 1993). The 
authors postulated that possible mechanistns for the synergy included an inhibition of the 
direct ren1oval of mutagen-induced DNA lesions or an inhibition of DNA repair enzymes. 
Mutagenic synergy in S. typhimurium T A98 was reported with the non-mutagenic 
butylated hydroxytoluene (BHT) and the tnutagen 3,3'-dichlorobenzidine (DCB) (Ghosal 
and Iba, 1992). This enhance1nent in mutagenicity was due to an increase in the 
formation of a known DCB metabolite, the forn1ation of a novel DCB tnetabolite and 
increased levels of covalent binding to DNA. The metabolic and genotoxic interactions 
between 2,4-diaminotoluene (2,4-DAT) and 2-runinofluorene (2AF) were investigated 
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(Pan and Reed, 1997). InS. typhimurium TA98, 2,4-DAT enhanced the mutagenicity of 
2AF when incubated with prostaglandin H synthase. However, the mechanisms 
implicated in the synergy between BHT and DCB were ruled out since with 2,4-DAT and 
2AF, there was an inhibition in tnetabolistn, a decrease in metabolites, no novel 
metabolites and a decreased level of covalent binding of 2AF to the bacterial DNA. 
Comutagenesis is the process in which agents that are not mutagenic with or without 
an activating system, become mutagenic in the presence of a second agent that is also not 
tnutagenic by itself. Comutagenicity is a subset of the tnuch broader phenomenon of 
mutagenic synergy and its significance tnay have been tn1derestimated (Sugimura, 1998). 
The paraoxon-mediated phenomenon presented in this chapter has been termed synergy 
because although paraoxon is not tnutagenic by itself, it enhanced the existing 
n1utagenicity of specific aromatic and heterocyclic amines. One of the best documented 
examples of con1utagenicity is that of norharman. Norharman, a P-carboline, is formed 
by heating tryptophan and is present in cigarette stnoke condensate and in fi·ied meat and 
fish (Poindexter and Carpenter, 1962; Wakabayashi et al., 1992). The chemical structure 
of norharman is related to other heterocyclic amines which were identified as mutagenic 
pyrolysis products. Norharn1an was not mutagenic but enhanced the tnutagenicity of the 
dietary tnutagens Trp-P-1 and Trp-P-2 (Nagao et al., 1977a; Sugimura et al., 1977). 
When norharman was incubated with agents that were not n1utagenic themselves, such 
as aniline or o-toluidine with S9 tnix, a tnutagenic response was observed in S. 
typhimurium TA98. Mutagenicity was not expressed inS. typhimurium TAlOO, a base 
substitution detecting strain. Mutagenicity was not observed with norharman and 
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p-toluidine (Nagao et al., 1977b ). A tnetabolic activation systen1 was necessary for 
cotnutagenicity. 
The tnutagenic and con1utagenic properties of norhannan in prokaryotes and 
eukaryotes were reviewed (de Meester, 1995). Fron1 a review of the literature, 
mechanisms for the comutagenicity of norharman were proposed that included a 
decreased capacity in DNA repair (Sasaki et al., 1992; Shimoi et al., 1992), an 
intercalation in or distortion of DNA (Madle et al., 1981; Hayashi et al., 1977; Un1ezawa 
et al., 1978), a tnodulation of enzytne activity (Fujino et al., 1980) or the formation of a 
new n1utagenic species (Garrod and lies, 1988; Garrod and Iles, 1991). The mechanism 
involving intercalation of DNA with a subsequent inhibition of DNA repair was 
eliminated, due to the fact that although norharman was a DNA intercalator, it was a 
weak inhibitor of DNA topoismnerase I and a very weak inhibitor oftopoisomerase II as 
con1pared with Trp-P-1 and Trp-P-2 (Funayruna et al., 1996). 
One of the initial steps in the tnetabolic activation of armnatic runines is N-oxidation, 
which results in the generation of N-hydroxyru·ylamines (Miller and Miller, 1969). A 
presumptive metabolite responsible for cotnutagenicity would be in the N-hydroxylated 
fonn. After metabolism of the comutagen, aniline, only those products fanned by 
oxidation of the an1ino group ren1ained cotnutagens (Nagao et al., 1977a). Another 
comutagen, 3-aminopyridine was converted to 3-hydroxylatninopyridine (Gonod and 
lies, 1991). However, when norhat'lnan was incubated with the cotnutagen, 2-amino-3-
nlethylpyridine, no new n1etabolites and no hydroxylated cotnpounds were formed 
(Altuntas and Garrod, 1997). 
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The formation of DNA adducts by norhannan with specific aromatic atnines was 
related to its con1utagenic properties inS. typhimurium T A98 (Mori et al., 1996). Three 
possible reactions were suggested for this cotnutagenicity: (i) norhannan reacts with 
arotnatic atnines following their tnetabolic activation by 89 and a coupled compound 
binds to DNA, (ii) norhannan is activated by 89 only in the presence of specific arotnatic 
amines and a reactive norharman n1etabolite binds to DNA, or (iii) specific aromatic 
amines are activated by 89 only in the presence of norhannan and reactive aromatic 
amine tnetabolites bind to DNA. Fonnation of a coupled tnutagenic cotnpound was 
den1onstrated recently (Totsuka et al., 1998). Two mutagens were isolated and identified 
fron1 the reaction between norhannan, aniline and 89 mix. Compound I which required 
89 activation was fotmed by the coupling ofnorhannan at the N-9 position with aniline 
at the para position of the atnino group. This cotnpotmd was atninophenylnorhm·man. 
A1ninophenylnorharn1an exhibited higher mutagenicity in the strains that contain a 
· fratneshift tnutation than in strains containing base pair substitution tnutations. 
Additionally, S. typhimurium strains that overexpressed 0-acetyltransferase (YG 1024 a11d 
YG 1 029) were tnore sensitive to atninophenylnorhannatl than strains that express the 
wild type level of 0-acetyltransferase (TA98 and TA100). This suggests that 
acetyltransferase was necessary. Compotuld II was n1utagenic by itself and was identified 
as hydroxyaminophenylnorhat111an. The following reactions were suggested for the 
comutagenicity of norhm·n1an with aniline. First, the coupled tnutagenic cotnpound, 
aminophenylnorhat1nan was fanned by an enzymic reaction. The amino group of 
aminophenylnorhat·man was converted to a hydroxyamino group by cytochrome P-450 
enzymes. Hydroxyaminophenylnorhannan was further activated a11d the ultimate 
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tnutagen reacted with DNA bases, prestm1ably guanines. Similar tnechanisms were 
predicted for norhannan and a-toluidine (Totsuka et al., 1998). 
In general tenns, paraoxon-tnediated synergy exhibited some similarities with the 
comutagenicity of norharman. Both phenotnena were specifically detected at fi·atneshift 
tnutations and not at base pair substitution n1utations. Both displayed isomer specificity. 
However, cotnutagenicity was not observed with sotne isomers possibly due to structural 
itnpediments for the coupling reaction with norharn1at1. Synergy with paraoxon was not 
observed for those isomers which were not activated into tnutagenic forms. There ru·e also 
itnportant differences between the two phenomena. With cotnutagenicity, both agents ru·e 
not mutagenic by thetnselves, whereas paraoxon enhanced the already existing muta-
genicity of ru·omatic atld heterocyclic amines. While a tnetabolic activation system is 
necessru·y for cotnutagenicity with norhru1nan, it is not required with paraoxon and 
2AAAF. Paraoxon enhru1ced the tnutagenicity of tnamtnalian-activated atld plant-
activated pron1utagens as well as direct-acting mutagens. 
In the present study, mechanisms for the paraoxon-tnediated tnutagenic synergy were 
investigated using spectrophototnetric at1alysis of 2AAAF, time cotu·se experin1ents, and 
S. typhimurium strains differing in the expression of error-prone DNA repair pathways. 
The possible tnechanisms included, (i) a chetnical reaction between pru·aoxon and the 
arotnatic amine to generate a more potent mutagen, (ii) a modification of the stability of 
an intetmediate or activated product, or (iii) an alteration of the DNA repair systen1 inS. 
typhimurium. 
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3.4.3.1 Investigation into possible interaction between 2AAAF and paraoxon 
2AAAF is an excellent agent to study paraoxon mediated tnutagenic synergy. It is an 
N-acetoxy metabolite of 2-acetylmninofluorene, it is cotnmercially available, a11d it 
strongly expressed paraoxon-mediated synergy independent of O-acetyltrm1sferase 
activity (Gichner eta/., 1996). A spectrophotometric analysis of 2AAAF was conducted 
to detennine if paraoxon a11d 2AAAF reacted to generate novel products that were more 
n1utagenic than the pm·ent compound. Paraoxon ( 100 ｾｍＩ＠ did not alter the spectrophoto-
Inetric spectnm1 of 2AAAF when incubated in phosphate buffer or in a buffer that 
contained S. typhimurium T A98 cytosol. The hypothesis that 2AAAF and paraoxon 
reacted to generate a new mutagenic product( s) is not supported by these data. 
The hypothesis that pm·aoxon may alter the rate of 2AAAF degradation in PPB ·or in 
S. typhimurium T A98 cytosol was tested. If the rate of degradation was retarded, more 
2AAAF may be available to diffuse into the cell and interact with the bacterial DNA 
when the tnolecule deacetylates into a nitreniun1 ion. The rate constants for the 
degradation of 2AAAF in the absence or presence of pm·aoxon in PPB were not 
statistically different (P = 0.71). With the addition of TA98 cell free extract, the rate 
consta11ts of 2AAAF degradation in the absence or presence of paraoxon were not 
statistically different (P = 0.26). On the basis of these data paraoxon did not have a direct 
effect on2AAAF that could account for the observed mutagenic synergy. 
In a different study, pentachlorophenol (PCP), a widely used pesticide, enhanced the 
mutagenic potency ofpla11t- or tnatmnalian-activated 2-aminofluorene (2AF) as well as 
2AAAF when assayed with specific S. typhimurium strains (Gichner et al., 1998). 
2AAAF was scatmed spectrophototnetrically with and without PCP in a sin1ilar manner 
138 
as the current studies. PCP did not alter the absorption characteristics of 2AAAF. With 
15 J.LM 2AAAF in phosphate buffer, the tnean (± standard error) degradation rate constant 
was -3.03 ± 0.10 X 10-3 and for 2AAAF in phosphate buffer plus 150 J..LM PCP the tnean 
rate constant was -1.64 ± 0.10 x 10-3• In experiments conducted inS. typhimurium 
cytosol the tnean 2AAAF rate constant was -2.48 ± 0.14 x 10-3 whereas for 2AAAF in 
the presence of cytosol and 150 ｾｌｍ＠ PCP the mean rate constant was -1.04 ± 0.18 x 10-3• 
These data demonstrated that PCP significantly reduced the rate of 2AAAF degradation 
both in phosphate buffer (P < 0.001) or inS. typhimurium cytosol (P < 0.001). Tins 
alteration in the rate of degradation n1ay provide· a plausible n1echanis1n for the PCP-
mediated tnutagenic synergy. The data indicated that PCP interacted with 2AAAF to 
increase its stability. By reducing the rate of degradation, tlus action may allow more of 
the 2AAAF to enter the cell and become situated near the bacterial nucleoid leading to 
enhanced mutation induction. This mechanistn of altering the rate of degradation was not 
in1plicated in the mutagenic synergy mediated by paraoxon. 
The biological response of mutagenicity expressed in Salmonella was cotnpared with 
the biochemical spectrophototnetric data with 2AAAF degradation in order to define the 
relationslup between the in vivo response with the biochemical response. In the 
comparison of these two data sets, the reduction in the absorbance of 2AAAF as a 
function of time was highly correlated with the reduction in the mutagenic potency of 
2AAAF. The Pearsons product moment correlation (r) between the ;decline in the 
absorbance at 276 nm of 15 !lM 2AAAF as a function ofthne, and the decline of the 
mutagenicity of the 2AAAF solution was r = 0.99, P < 0.001. Similar experitnents were 
conducted with 2AAAF in the presence of paraoxon. The reduction in the absorbance of 
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2AAAF plus paraoxon as a ftmction of thne was highly con-elated with the reduction in 
the tnutagenic potency of the solution of 2AAAF and paraoxon (Peru·sons product 
11101nent correlation (r) = 0.99 P < 0.001). These data confinned eru·Iier work that 
den1onstrated a high con-elation between the decline in absorbance at 276 run of2AAAF 
and a decline in mutagenicity over time (r = 0.97 with P < 0.006, Gichner et al., 1998). 
Thus the biological response of tnutagenicity expressed in Salmonella was concordant 
with the biochemical data of 2AAAF degradation both with and without paraoxon. 
3.4.3.2 Effect of DNA error-prone repair on the paraoxon-mediated synergy 
One approach to establish whether the pru·aoxon-tnediated tnutagenic synergy 
required error-prone (SOS) repair, was to con1pare the response of two isogenic S. 
typhimurium strains that differed in their error-prone DNA repair capacity. Both TA98 
and TA1538 contain the hisD3052 target allele. In addition, TA98 contains the pKMlOl 
plastnid which canies the mucA and mucB genes which are involved in enor-prone DNA 
repair (Mru·on and Ames, 1983). If the synergy required SOS repair, the percent increase 
in mutagenic activity induced by paraoxon in the two strains would be significantly 
different. If SOS error prone repair was not directly involved, then the rate of increase of 
the revertant frequency as a function of pru·aoxon concentration would be silnilru· for 
these two bacterial strains. 
There was a cleru· difference between the two strains with 2AAAF and increasing 
paraoxon concentrations. With TA98, the tnutagenic potency of 250 nM 2AAAF was 
significantly increased 2.6 fold by paraoxon at a concentration range of 50 - 500 ｾｍＮ＠
With TA1538, there was no increase in the tnutagenic potency of 1 J.!M 2AAAF with 
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increasing paraoxon concentrations. Thus with 2AAAF as the substrate, the synergy 
appeared to require the error-prone repair pathway expressed in TA98. 
With 89-activated mPDA, both TA98 and TA1538 exhibited statistically significant 
increases over their respective positive control with increasing paraoxon. With non-linear 
regression analysis of the paraoxon-tnediated synergy, the 95% confidence lin1its of each 
strain overlapped. Thus, with 89-activated mPDA as the substrate, there was no 
difference between the two strains and it appeared that error-prone DNA repair was not 
hnplicated as a tnechanistn for synergy. 
Similar results were obtained with TX1MX-activated mPDA. Both TA98 and 
TA1538 provoked a nearly identical increase over their respective controls with 
increasing paraoxon concentrations. Thus, with plant-activated mPDA, en-or-prone repair 
did not play a role in the paraoxon- mediated synergy. 
The variable results from these studies using TA98 and TA1538 did not indicate a 
clear role for error-prone DNA repair in the tnutagenic synergy of aromatic amines with 
paraoxon inS. typhimurium. One substrate, the direct-acting 2AAAF itnplicated error-
prone repair while the other substrate examined, mPDA whether with 89 or with TXIMX 
activation did not. With only two chemicals investigated, further studies tnust be 
conducted with more arotnatic anune substrates before conclusions on the n1echanistn or 
tnechanistns of paraoxon-mediated tnutagenic synergy can be defined. 
3.4.4 Environmental Consequences 
The tnutagenic synergy between paraoxon and matnmalian- or plant-activated 
arotnatic amines poses environmental and public health concerns. The genotoxic 
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properties of organophosphorus ester insecticides have already been reviewed (Flessel 
et a!., 1993; Venkat et al., 1995). The oxon-mediated mutagenic synergy described here 
tnay be tnanifested by other insecticides of this chetnical class. It was reported that 
malathion enhanced fish S9 tnetabolic activation of2-an1inoanthracene (2AA) 2.7 fold 
and 2-acetylaminofluorene (2AAF) 3.1 fold (Rodriguez-Ariza et al., 1995). This 
tnutagenic enhancetnent was not related to the induction of CYP1A1, and the mutageni-
city of 2AA or 2AAF was not inhibited by a-naphthoflavone. Since malathion is 
metabolised to tnalaoxon these findings n1ay be the result of an oxon-mediated mutagenic 
synergy. Under real world conditions all living organisms are exposed to a multitude of 
agents. The genotoxic synergy between paraoxon and aromatic runines raises concerns 
about the environmental itnpact and underestimation of risk posed by organophosphorus 
ester insecticides. 
3.5 Conclusions 
It has been demonstrated in the present study that paraoxon can exert a dramatic 
mutagenic synergistic effect inS. typhimurium cells with a nutnber of 1nan1malian-
activated or plant-activated ru·omatic amines. The tnutagenic synergy required an 
activated arotnatic amine. All monocyclic, bicyclic and polycyclic ru·otnatic runines 
examined exhibited this pru·aoxon-n1ediated synergy but to a differing degree. The agents 
studied encompassed a wide range of n1oleculru· weight and moleculru· dimensions. There 
was a significant correlation between an increase in tnutagenicity and an increase in 
plru1arity of the an1ine agent. 
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This synergy was not attributable to the generation of new tnutagenic products or to 
the modification of the stability of the activated arotnatic amine products. There was a 
high correlation between the biological response of 1nutagenicity expressed in S. 
typhimurium with 2AAAF degradation meastu·ed spectrophoton1etrically. Studies must 
be conducted with more aromatic amine substrates before conclusions on the 1nechanism 
of paraoxon-mediated mutagenic synergy can be defined and the role of enor-prone DNA 
repair ascertained. Paraoxon 1nodulated the genotoxic potency of dietary heterocyclic 
aromatic mnines in hwnan cells. Thus, the genotoxic synergy between pm·aoxon and 
mammalianM or plant-activated aro1natic amines poses·enviro1nnental and public health 
concerns. 
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CHAPTER4 
EVALUATION OF THE SCGE, FLOW 
CYTOMETRY AND FORWARD 
MUTATION ASSAYS 
4.1 Introduction 
The objectives of this study were to analyse, calibrate and con1pare a battery of assays 
that measure different types of genotoxic events, at the level of DNA, the gene and the 
chron1osome. The genetic endpoints analysed in an isolated clone of Chinese hamster 
ovary (CHO) cells included forward mutation at a transgenic target gene, gpt, acute DNA 
drunage as detected in the alkaline single cell gel electrophoresis (SCGE or Comet) assay 
and chromosotne damage detected as whole cell clastogenicity with laser beam flow 
cytometry. These assays were employed to analyse soybean processing by-products for 
their ability to repress tnutation, induction of DNA strand breaks ru1d clastogenic damage 
after expostue to cru·cinogens (Chapter 6). It was critical to calibrate and detennine the 
relationships among these three diverse biological endpoints within the srune mrumnalian 
cell line, under identical treatn1ent conditions before these assays could be used in future 
investigations of antitnutagenesis. 
The chemical and physical mutagens chosen for this calibration study were 2-
acetoxyacetylaminofluorene (2AAAF), ethyl methanesulphonate (EMS) and ultraviolet 
radiation (UV). These n1utagens were selected because of the existing wealth of 
knowledge about their tnutagenicity, carcinogenicity and DNA adduct fonnation, and 
because of their diverse tnodes of action. 2-Acetoxyacetylaminofluorene (2AAAF), a 
direct-acting tnutagen and carcinogen, belongs to a class of compounds called arotnatic 
runines (Figure 4-1 ). The runinofluorenes ·ru1d their n1etabolites ru·e one of the most widely 
studied classes of arylrunines (reviewed in Heflich and Neft, 1994). 2AAAF was 
n1utagenic in numerous tnatnmalian systetns as well as in a number of bacterial strains 
(Heflich ru1d Neft, 1994). N/0-deacetylation by n1amtnalian cells has been shown to be 
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an important factor in its 1nutagenicity (Glatt and Oesch, 1985; Heflich et al., 1988). 
Under alkaline conditions, incubation of 2AAAF -tnodified DNA resulted in breaks that 
were most likely due to apurinic sites (Deering et al., 1975; Thielmann, 1977; Tamm et 
al., 1953; Lindahl and Andersson, 1972). Large deletions and reanangements induced by 
2AAAF have been reported (Carothers et al., 1986). The structure of the tnajor DNA 
adduct induced by 2AAAF was N-( deoxyguanosin-8-yl)-2-acetylaminofluorene with 
1ninor adducts of N-( deoxyguanosin-8-yl)-2-mninofluorene and 3-( deoxyguanosin-Nl -y 1)-
2-acetylmninofluorene (Figure 4-2). 
Ethyl methanesulphonate (EMS) is a classical monofunctional alkylating agent that 
fotms 04-ethylthymine and lJ6-ethylguanine adducts in non-replicating DNA (Figure 4-
3). These altered bases induce 1nutation by m1omalous base pairing leading to trm1sitions 
following replication (Figure 4-4). 
Mutant spectra analysis fi·on1 rodent cells confinned that 0 6-ethylguanine is the 
primary premutagenic lesion (Jm1sen et al., 1995; Klungland et al., 1995; Yadollahi-
Farsani et al., 1997; Veld et al., 1997). Both 0 4-ethylthymine and 0 6-ethylguanine are 
accurately repaired by DNA alkyltransferases and by nucleotide excision repair. 
However, CHO cells do not express endogenous 0 6-methylguanine tnethyltransferase 
activity (Belouchi et al., 1996; Gustafson et al., 1997). There is also evidence that 0 6-
ethylgumune is a poor substrate for nucleotide excision repair in CHO cells (Veld et al., 
1997). Alkylated base tnodification weakens the N-glycosylic bond between the base and 
deoxyribose sugm· that may result in an alkali-labile apuriluc/apyrimidinic (AP) site. One 
category of DNA lesions detected by the alkaline SCGE assay is that of alkali-labile AP 
sites. 
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9COCH3 
.·N-cocH3 
Figure 4-1. Structure of N-acetoxy-2-acetylamino-
jluorene (2AAAF). 
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Figure 4-2. Structure of 2AAAF-induced DNA adducts. 
(Ac = COCH3,· dR =deoxyribose). 
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Figure 4-3. Structure of ethyl 
methanesulphonate (EMS). 
The * represents the transferrable alkyl 
group. 
T:A ｃｾｇ＠
' ... 
'H 
Figure 4-4. Normal base patrtng (top) and 
alkylation-induced anomalous base pairing (bottom). 
The event on the left would lead to a T:A ｾＺｇ＠ transition, while 
the one on the right would give rise to G:C-+A:T transition 
following DNA replication. Abbreviations: A, adenine; G, 
guanine; 0 4-Alk-T, 0'-alkylthymine; T, thymine; C, cytosine; OS-
Alk-G, 0 6-a/kylguanine. (Adapted from Lawley, 1974). 
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The primary effect of ultraviolet radiation (UV) on DNA is to cause adjacent 
pyrimidines to becon1e covalently linked into a cyclobutane dipyrimidine or pyrimidine 
dimer (Figure 4-5). Pyrilnidine dimers are bulky lesions which result in a block of DNA 
replication. In 1nany prokaryotes pyrhnidine dilners are directly repaired by a light-
dependent process involving DNA photolyase. Both pyrhnidine dimers and another 
photoproduct, (6-4) lesions are indirectly repaired by error-free excision repair or may 
serve as premutagenic lesions for SOS mutagenesis. Dimers can also be removed and 
repaired by a DNA-glycosylase/apurinic/apyrimidinic (AP) endonuclease. If the repair 
is incon1plete, single strand breaks result. Other photoproducts caused by UV radiation 
include complex lesions containing purines, pyrilnidine hydrates and thy1nine glycols 
(Friedberg et al., 1995). 
H 
0 
0 
cyclobutyl ring 
Figure 4-5. Structure of a cyclobutylthymine dimer. 
This dimer is the primary DNA adduct formed after ultraviolet 
irradiation. (From Friedberg et al., 1995). 
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4.2 Materials and Methods 
4.2.1 Materials 
Materials used in each assay have been described in Section 2.1. 
4.2.2 Methods 
4.2.2.1 Isolation and cbaracterisation of CHO clones 
The n1ethods for the isolation and characterisation of the CHO clones have been 
described in Section 2.2.4. 
4.2.2.2 Other methods 
The n1ethods for the three genetic assays have been described in detail in Sections 
2.2.1, 2.2.2 and 2.2.3. The tnammalian cells were incubated with the chemicaltnutagens 
for 2 h at 3 7 o C. A concurrent negative control was conducted with each experiment 
which consisted of cells incubated with F12 medium without FBS. The protocols for 
treatlnent with UV radiation were described in Section 2.2.1.2. Cytotoxicity was 
tneastu·ed for each of the mutagens analysed (Sections 2.2.1.4 and 2.2.3.4). In the SCGE 
assay, trypan blue vital dye was used to tneasure acute cytotoxicity hnmediately after 
treatment. For the gpt forward n1utation assay, cytotoxicity was determined as 
clonogenicity (the ability of cells to grow into viable clones) during an 8-day period. 
4.2.2.3 Statistical analysis 
For the SCGE assay, the slide was used as the unit of tneasure rather than the cell 
(Lovell et al., 1999). Frotn the repeated experiments, the median or mean tailtnoment 
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values obtained fron1 each SCGE slide were normally distributed based on the central 
limit theorem (Box eta!., 1978). The averaged median tail moment value and the 
averaged tnean tail motnent value obtained fron1 repeated experitnents were used with 
a one-way analysis of variance test. The null hypothesis was rejected if a significant F 
value of ｐｾＰＮＰＵ＠ was obtained. In such cases, a Dlll111ett's tnultiple comparison versus the 
control group analysis was conducted. In all cases, the power of the test statistic (p) was 
;;::0.8 at a=0.05. The data obtained from flow cytotnetry and forward mutation (gpt) 
experiments were also evaluated using analysis of variance under the same conditions for 
the test statistic as outlined above. 
4.3 Results 
4.3.1 Characterisation of Isolated CHO Clones 
Of 36 clones isolated fi.·otn the parental CHO AS52 cell line, eight clones were 
analysed with flow cyton1etry. The coefficient of variation (CV) of the G1 peaks of the 
clones and of the parental line are presented in Table 4-1. 
A representative histogratn of the AS52 pm·ental line obtained from the flow 
cytmneter is presented in Figure 4-6. Representative histograms of clones 11-4-8, 11-4-
13, atld 11-4-17 are presented in Figures 4-7 to 4-9. 
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Table 4-1. Characterisation of isolated CHO AS52 
clones as analysed with flow cytometry. 
Cell Line Coefficient of Variation (CV) 
of the G1 peak 
CHO AS52 parental 2.34 
Clone NQ 11-4-1 tetraploid 
Clone N2 11-4-8 2.14 
Clone NQ 11-4-9 2.44 
Clone NQ 11-4-13 2.21 
Clone NQ 11-4-17 2.79 
Clone N2 11-5-4 2.4 
Clone NQ 11-5-11 2.68 
Clone N2 11-5-18 2.46 
The spontaneous mutation frequency ofthe parental line and of two clones (11-4-8 
and 11-4-13) were analysed at gpt. The spontaneous gpt forward 1nutation frequency 
calculated as a function of clonable cells of the parental line, clone 11-4-8 and clone 11-
4-13 were 58.8xl0-6, 39.6x1Q-6 and 57.4xl0-6, respectively. The same cells were treated 
with 6 111M EMS for a period of 2 h. EMS enhanced the mutation frequencies, 
454.8x10-6, 298.7xl0-6 and 322.5x10-6 for the parental line, clone 11-4-8 and clone 11-
4-13, respectively (Figure 4-10). 
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Figure 4-6. Histogram from flow cytometric analysis. 
This histogram represented the analysis of 5, 000 nuclei of the parental CHO 
cell line, AS52. The x-axis expressed the channel number (equivalent to DNA 
content) and the y-axis expressed the number of nuclei (frequency). The 
coefficient of variation (CV) of the G1 peak= 2.27. 
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Figure 4-7. Histogramjro1njlow cytometric analysis. 
This histogram represented the analysis of 5, 000 nuclei of the CHO AS52 
clone 11-4-8. The x-axis expressed the channel number (equivalent to DNA 
content) and they-axis expressed the number of nuclei (frequency). The 
coefficient of variation {CV) of the G 1 peak = 2.14. 
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Figure 4-8. Histogram from flow cytometric analysis. 
This histogram represented the analysis of 5,000 nuclei of the CHO AS52 
clone 11-4-13. The x-axis expressed the channel number (equivalent to DNA 
content) and they-axis expressed the number of nuclei (frequency). The 
coefficient of variation (CV) of the G 1 peak = 2. 63. 
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Figure 4-9. Histogram from flow cytometric analysis. 
This histogram represented the analysis of 5, 000 nuclei of the CHO AS52 
clone 11-4-17. The x-axis expressed the channel number (equivalent to DNA 
content) and they-axis expressed the number of nuclei (frequency). The 
coefficient of variation (CV) of the G 1 peak = 2. 79. 
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Figure 4-10. Spontaneous (left bar within each group) and 
EMS-induced (right bar within each group) mutation 
frequency. 
CHO AS52 parental cell line (left), clone 11-4-8 (middle) and clone 11-4-13 
(right). The cells were treated with 6 mM EMS for 2 h. 
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4.3.2 SCGE Assay 
4.3.2.1 DNA damage induced by 2AAAF 
Table 4-2 presents the data from the SCGE assay with 2AAAF. There was a 
statistically significant increase in the average median tail tnoment value for 2AAAF 
concentrations of 200 nM and above (F6, 55 = 31.08, P <0.00 1 ). The average mean tail 
moment, percent tail DNA and tail length also detnonstrated significant concentration-
responses (P <0.00 1) as a fi.mction of increased 2AAAF concentration. Trypan blue vital 
dye was used to n1easure acute cytotoxicity imn1ediately after treattnent. There was no 
decline in the percent viable cells with increasing 2AAAF concentration. 
Table 4-2. Genetic damage induced by 2AAAF as analysed 
in the SCGE assay. 
Single Cell Gel Electrophoresis Assay Cyto-
toxicity 
2AAAF x Median xMean xMean xMean 0/o Viable 
(nM) Tail Tail Moment %Tail Tail Cells 
Moment (±SE) DNA(±SE) Length 
(±SE) (±SE) 
0 1.8 ± 0.5 3.0± 0.7 6.5 ± 0.7 38.0 ± 5.5 93.8 
50 5.2 ± 1.2 7.4 ± 1.5 11.7 ± 1.3 52.8 ± 6.5 90.2 
100 9.6 ± 1.6 12.8 ± 1.8 19.3 ± 2.7 60.7 ± 2.0 93.2 
200 18.0 ± 3.8 21.8 ± 3.7 27.3 ± 4.4 72.3 ± 2.2 88.8 
400 33.0 ± 4.8 35.4 ± 4.1 40.5 ± 5.5 83.9 ± 2.6 92.9 
600 44.8 ± 4.2 48.4 ± 3.9 52.1 ± 4.5 90.3 ± 2.8 87.2 
800 48.4 ± 4.9 48.7 ± 3.0 48.8 ± 3.5 97.4 ± 5.0 89.6 
Statistic F6 ss = 31.1 F6,ss = 41.5 F6• 55 = 24.6 F6• 55 = 26.3 NA 
p < 0.001 p < 0.001 p < 0.001 p < 0.001 
SE= standard error of the mean. 
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4.3.2.2 DNA damage induced by EMS 
The results frotn experitnents_ with EMS are presented in Table 4-3. With con centra-
tions of 8 tnM and above, EMS induced a significant increase in the average median tail 
motnent (Fll, 40 = 14.47, P <0.001). Other parameters of the SCGE assay also demon-
strated significant increases (P <0.001). There was no decline in the percent viable cells 
with increasing EMS concentrations. 
Table 4-3. Genetic damage induced by ethyl methanesulphonate as 
analysed in the SCGE assay. 
Single Cell Gel Electrophoresis Assay Cyto-
toxicity 
EMS x Median xMean xMean xMean o/o Viable 
(mM) Tail Moment Tail %Tail DNA Tail Cells 
(±SE) Moment (±SE) Length 
(±SE) (±SE) 
0 0.3 ± 0.1 1.1 ± 0.2 5.2± 0.6 15.7 ± 1.7 88.2 
0.8 0.2 ± 0.1 0.6± 0.2 6.0± 1.1 7.5 ± 3.0 
2 1.3 ± 0.7 2.4 ± 0.7 7.1±1.1 22.8 ± 5.5 82 
3 0.2 ± 0.1 1.0±0.3 8.3 ± 0.2 7.0 ± 1.0 
4 2.2 ± 1.0 4.7 ± 1.8 10.1±1.9 28.2 ± 9.1 80.1 
5 0.4 ± 0.3 0.8 ± 0.1 6.3 ± 0.2 9.7± 3.6 
6 9.9 ± 3.4 9.7± 2.9 18.7 ± 3.7 35.5 ± 8.6 77.3 
8 22.1 ± 4.5 23.6 ± 3.1 39.7 ± 3.0 54.7 ± 5.5 82.2 
10 28.3 ± 4.9 32.8 ± 4.7 48.9 ± 3.7 62.6 ± 5.1 80.4 
12.5 33.4 ± 7.0 35.3 ± 6.7 54.6 ± 4.9 61.2 ± 7.4 78.4 
15 41.0 ± 15.0 42.9 ± 13.4 58.9 ± 10.3 64.7 ± 11.3 85.5 
20 63.6 ± 6.9 62.2 ± 6.3 77.3 ± 2.1 77.5 ± 6.2 82.6 
Statistic Fn -1o = 14.5 Fn, .12 = 17.6 Fn. -tl = 47.5 Fn, -12 = 10.8 NA 
p < 0.001 p < 0.001 p < 0.001 p < 0.001 
SE= standard error of the tnean. 
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4.3.2.3 DNA damage induced by UV radiation 
The results of the experilnents from the SCGE assay using UV are presented in Table 
4-4. A statistically significant dose-dependent increase in the average median tail1noment 
values over the negative control was observed for UV doses of 210 erg/mn12 and above 
(F13, 31 = 39.42, P <0.001). Other tneastu·ed paratneters including the average 1nean tail 
tnoment, percent tail DNA and tail length also demonstrated significant positive dose 
responses as a fimction of increased UV dose (P <0.001). There was a decrease in the 
percent viable cells at the highest UV doses e1nployed of 1000 and 1500 erg/mm2 (63.1 
a11d 66.3%, respectively). 
Table 4-4. Genetic damage induced by ultraviolet radiation as 
analysed in the SCGE assay. 
Single Cell Gel Electrophoresis Assay Cyto-
uv toxicity 
(erg/ 
x Median xMean xMean xMean o/o 1n1n2) 
Tail Moment Tail Moment %Tail Tail Viable 
(±SE) (±SE) DNA(±SE) Length Cells 
(±SE) 
0 0.7± 0.2 2.2± 0.5 6.4 ± 0.6 24.5 ± 3.7 87.6 
50 3.3 ± 0.1 9.5 ±0.9 13.6 ± 1.0 57.5 ± 1.0 82.7 
63 4.2± 0.6 7.4 ± 0.01 14.1 ± 0.2 43.1 ± 1.6 88.8 
100 3.2± 0.7 7.1±1.5 12.7 ± 1.2 41.5 ± 6.5 84.1 
168 6.0±2.6 8.8 ± 1.4 15.9 ± 2.4 43.8 ± 2.4 91.1 
210 8.2± 0.9 16.5 ± 3.3 21.8 ± 1.3 59.3 ± 3.7 89.7 
250 5.0± 1.1 8.6 ± 1.8 16.1±3.0 46.1 ± 7.1 73.6 
315 8.8 ± 0.3 17.2±0.9 24.4 ± 0.5 52.3 ± 3.6 93.5 
378 7.8 ± 2.4 11.4± 1.8 18.6 ± 2.6 52.2 ± 2.1 75.5 
441 6.7± 0.8 12.9±1.1 21.5 ± 2.6 49.9 ± 0.6 80.4 
500 15.5 ± 1.9 19.6 ± 2.8 24.4 ± 3.3 68.2 ± 4.0 72.1 
Table 4-4. Genetic damage induced by ultraviolet radiation as 
analysed in the SCGE assay. 
Single Cell Gel Electrophoresis Assay Cyto-
uv toxicity 
(erg/ 
x Median xMean xMean xMean o/o mm2) 
Tail Moment Tail Moment %Tail Tail Viable 
(±SE) (±SE) DNA(±SE) Length Cells 
(±SE) 
750 20.5 ± 0.2 23.5 ± 1.0 24.9 ± 1.0 88.2 ± 1.9 78.2 
1000 31.9 ± 0.6 34.9 ± 3.6 31.3 ± 1.2 104.6 ± 2.7 63.1 
1500 34.1 ± 2.9 38.1 ± 0.6 35.8 ± 0.7 103.0 ± 4.3 66.3 
Statistic F13• 31 = 39.4 F13• 31 = 21.6 F13. 11 = 9.1 F13, 30 = 13.1 NA 
p < 0.001 p < 0.001 p < 0.001 p < 0.001 
SE= standard error of the mean. 
4.3.3 Laser Beam Flow Cytometry 
4.3.3.1 Whole cell clastogenicity induced by 2AAAF 
With flow cytotnetry analysis, a positive concentration-dependent response was 
observed. The CV values of the G1 peaks of cells treated with 2AAAF concentrations of 
400 nM and above were significantly greater (F8, 14 = 56.56, P <0.001) than the negative 
control (Table 4-5). 
Table 4-5. Genetic damage induced by 2AAAF as analysed with 
flow cytometry. 
2AAAF(nM) Mean CV of the G1 Peak (±SE) 
0 2.16 ± 0.07 
25 2.22 ± 0.07 
50 2.32 ± 0.18 
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Table 4-5. Genetic damage induced by 2AAAF as analysed with 
flow cytometry. 
2AAAF(nM) Mean CV of the G1 Peak (±SE) 
75 2.43 ± 0.21 
100 2.39 ± 0.08 
200 2.56 ± 0.12 
400 2.99 ± 0.03 
600 3.32 ± 0.13 
800 4.98 ± 0.01 
Statistical Analysis FB, 1-1 = 56.56, p < 0.001 
SE= standard error of the 1nean. 
4.3.3.2 Whole cell clastogenicity induced by EMS 
There was a significant increase in CV values of the G1 peak of cells treated with EMS 
concentrations of 10 mM and above (F9, 29 = 23.84, P <0.001) (Table 4-6). 
Table 4-6. Genetic damage induced by ethyl methanesulphonate as 
analysed with flow cytometry. 
EMS(mM) Mean CV of the G1 Peak (±SE) 
0 2.33 ± 0.18 
0.8 2.07 ± 0.09 
2 2.30 ± 0.14 
4 2.52 ± 0.16 
6 2.69 ± 0.16 
8 2.66 ± 0.21 
10 3.24 ± 0.16 
12.5 3.36 ± 0.17 
15 3.61 ± 0.26 
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Table 4-6. Genetic damage induced by ethyl methanesulphonate as 
analysed with flow cytometry. 
EMS(mM) Mean CV of the G1 Peak (±SE) 
20 4.86 ± 0.15 
Statistical Analysis F9• 29 = 23.84, P < 0.001 
SE= standard enor of the mean. 
4.3.3.3 Whole cell clastogenicity induced by UV radiation 
A positive dose-response trend was noted with increasing UV radiation. However, 
there were no statistically significant differences of the 1nean CV values of the G 1 peak 
oftreated cells when cotnpared to the negative control (F9,16 = 1.62, P = 0.19) (Table 4-7). 
Table 4-7. Genetic damage induced by ultraviolet radiation as 
analysed with flow cytometry. 
UV (erg/m1n2) Mean CV of the G1 Peak (±SE) 
0 2.22 ± 0.13 
63 2.44 ± 0.34 
100 2.63 ± 0.15 
210 2.97 ± 0.29 
378 3.22 ± 0.66 
420 3.54 ± 0.59 
500 3.01 ± 0.54 
630 3.36 ± 0.70 
750 3.27 ± 0.24 
882 3.79 ± 0.22 
Statistical Analysis Fy, 16 = 1.62, P = 0.19 
SE= standard enor of the tnean. 
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4.3.4 Forward Mutation (gpt) Assay 
4.3.4.1 Forward mutation induced by 2AAAF 
2AAAF was an exceedingly potent n1utagen with forward mutation as the endpoint. 
Concentrations of 50 nM· and above induced a significant concentration-dependent 
increase (F5• 119 = 43.2, P <0.001) in gpt- mutants (Table 4-8). Cytotoxicity was 
detetmined as clonogenicity (the ability of cells to grow into viable clones) during an 8-
day period. There was a decline in viability at the highest 2AAAF concentration (500 nM, 
23.4%). 
Table 4-8. Genetic damage induced by 2AAAF in the forward 
mutation assay. 
2AAAF(nM) Mean gpt Mutants/106 Relative 0/o 
Clonable Cells (±SE) Clonogenicity 
0 34.3 ± 2.4 100 
5 30.3 ± 10.5 72.9 
50 70.4 ± 6.0 95.1 
100 116.0±10.1 100 
250 134.0 ± 8.3 79.1 
500 182.0 ± 12.0 23.4 
Statistical Analysis F5. 119 = 43.20, P < 0.001 NA 
SE= standard error of the mean. 
4.3.4.2 Forward mutation induced by EMS 
EMS concentrations of 2 tnM and above induced significant (F7, 112 = 184.66, 
P <0.001) increases in tnutation induction at gpt (Table 4-9). There was a decline in 
viability to 64.4% at the highest concentration of EMS (8 tnM). 
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Table 4-9. Genetic damage induced by ethyl methanesulphonate in 
the forward mutation assay. 
EMS(mM) Mean gpt Mutants/106 Relative 0/o 
Clonable Cells (±SE) Clonogenicity 
0 44.1 :1: 3.3 100 
0.8 80.5 ± 6.2 97.6 
2 152.0 ± 18.3 95.2 
3 225.0 ± 16.3 85.8 
4 283.0 ± 13.7 105 
5 446.0 ± 21.4 79.9 
6 415.0 ± 21.0 94.1 
8 787.0 ± 32.1 64.4 
Statistical Analysis F7, 112 = 184.66, P < 0.001 NA 
SE= standard error of the tnean. 
Table 4-10. Genetic damage induced by ultraviolet radiation in the 
forward mutation assay. 
UV (erg/mm2} Mean gpt Mutants/106 Relative o/o 
Clonable Cells (±SE) Clonogenicity 
0 39.3 ± 4.3 100 
21 236.0 ± 35.3 86.4 
63 307.0 ± 31.9 86.7 
100 441.0 ± 24.9 69.9 
210 434.0 ± 17.8 9.3 
Statistical Analysis F-1 137 = 41.02, P < 0.001 NA 
SE= standard error of the tnean. 
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4.3.4.3 Forward mutation induced by UV radiation 
All UV doses from 21-210 erg/n1m2 induced a significant dose-dependent increase 
(F4• 131 = 41.02, P <0.001) in the induction of gpt- mutants in CHO cells (Table 4-10). 
Cytotoxicity was expressed at the highest UV dose (210 erg!tntn2, 9.3%). 
4.4 Discussion 
4.4.1 Selection of an Isolated CHO Clone 
From eight clones analysed with flow cytometry, the CV values of the G1 peaks 
ranged from 2.14 - 2. 79 with one clone as a tetraploid. The CHO AS 52 parental cell line 
was originally obtained frotn Dr. K. Tindall who reported a near-diploid modal 
cln·on1osome nmnber of 20 cln·on1osomes per tnetaphase with 8% tetraploid cells (Tindall 
et al., 1984). Two isolated clones, 11-4-8 and 11-4-13 were selected for gpt analysis. 
These two clones exhibited the desirable characteristic of sharp G 1 peaks and low CV 
values. In an in vivo study with rats, it was noted that the tissues with the lowest CV 
values exhibited the highest sensitivity to the tnutagen, triethylenemelamine (Bickham et 
al., 1992). 
Spontaneous mutation fi.·equencies and EMS-induced mutation frequencies at the gpt 
target gene of clones 11-4-8 and 11-4-13 were analysed. The spontaneous mutation 
frequencies of clone 11-4-8 and 11-4-13 were 39.6xto-6 and 57.4x10-6, respectively. 
EMS (6 mM) induced similar tnutation frequencies in both clones; 298.7x10-6 and 
322.5xl0-6 for 11-4-8 and 11-4-13, respectively. Clone 11-4-8 was chosen for all futute 
studies since it possessed a slightly lower CV value of the 0 1 peak than that of clone 
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11-4-13, and moreover, its spontaneous mutation :fi:equency was lower than that of clone 
11-4-13. Clone 11-4-8 was approximately equal in sensitivity to EMS as clone 11-4-13. 
It was essential for these studies with diverse genetic endpoints to employ a single CHO 
clone that possessed these desired characteristics. 
4.4.2 DNA Damage as Measured in the SCGE Assay 
The cotnputerised CCD in1age analysis system (Komet version 3 .0, Kinetic Itnaging 
Ltd., Liverpool, UK) measured various Comet parameters (e.g. median tailtnoment, tnean 
tail motnent, mean percent tail DNA and mean tail length). The tailtnoment (integrated 
value of DNA density multiplied by the n1igration distance) was used as the ｰｲｩｾ｡ｲｹ＠
n1easure of DNA dan1age. There has been some debate in the literature on which 
parameter best reflects the extent of DNA damage. The tail moment was recommended 
by Olive et al. (1990), because it provided the best description of overall X-ray-induced 
damage to cells. The highest correlation coefficient and the greatest sensitivity for 
detecting damage was obtained with the tail moment. Other parameters including the ratio 
of tail length to head diameter, the percent tail DNA and tail length were not as sensitive 
and had lower con·elation coefficients. The tail motnent has become increasingly popular 
for SCGE evaluation because it reflects two paran1eters of damage, that of intensity (i.e. 
the number of broken pieces of DNA) and that of distance (a function of fragment size) 
(Fairbairn et a!., 1995). However, in other studies, the percent tail DNA was more 
sensitive than tail length or tail mon1ent (Koppen and Verschaeve, 1996). In the present 
study, the mean tail 1non1ent, tnean percent tail DNA and tnean tail length were 
statistically analysed for each mutagen. With 2AAAF there was a statistically significant 
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increase in the average tnedian tail motnent values for concentrations of 200 nM and 
above. Both the parameters of mean tail moment and percent tail DNA displayed 
significant changes with 2AAAF concentrations of 100 nM and above. The mean tail 
lengths were statistically significant at all2AAAF concentrations exatnined (50 nM and 
above). 
By tneasuring damage induced by EMS, there was a significant increase in the average 
median tail 1non1ent with concentrations of 8 mM and above. The mean tail moment 
values and the mean tail lengths displayed a similar pattern with significance at 8 mM 
EMS. The percent tail DNA was significantly increased over the negative control with 
EMS concentrations of 6 tnM and above. 
In the case ofUV-induced damage, there was more disparity atnong the parameters. 
A significant dose-dependent increase in the average tnedian tailtnoment values over the 
negative control was observed for UV doses of 210 erg/mm2 and above. However, the 
other three parruneters exhibited atl inconsistency in statistical significance. For both the 
tnean tail tnoment values and the percent tail DNA, doses of 100 erg/mm2 and 210 
erg/tnm2 and above den1onstrated significru1ce while 50, 63 and 168 erg/mm2 were not 
significru1tly different from the negative control. A similru· pattern was shown with the 
mean tail length with significru1ce at doses of 50, 100 and 210 erg!tmn2 and above atld no 
significru1ce with 63 atld 168 erg/tntn2• 
The parameter that was statistically significant at the lowest concentration was the 
n1ean tail length with 2AAAF and the percent tail DNA with EMS. There was no single 
parameter that was consistently significant with low doses of UV. In this study, there 
seemed to be no specificity in the pru·ameter with the n1ost sensitivity. The tnean tail 
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n1oment values tended to be somewhat higher than the conesponding median tailtnoment 
values. The tnean values were affected by a few highly damaged nuclei in the srunple. The 
tnedian tail tnoment values were less affected by such outliers and appeared to better 
reflect the distribution of the data. This was also found to be the case with EMS-induced 
DNA dan1age in tobacco plants (Gichner and Plewa, 1998). The tnedian tail moment 
values exhibited the most consistent significance and were a tnore conservative pru·runeter 
in tern1s of reducing the risk of a Type I enor (reporting a false positive). The tnedian tail 
mmnent was chosen as the tneasuretnent to be used in further ru1alysis of the con1parative 
sensitivities of the genetic endpoints (Chapter 5). Since no single SCGE pru·ameter is the 
best descriptor of drunage under all experitnental conditions with all cell lines, the 
scientific literattue would benefit if the original data as well as a number ofpru·ameters 
were presented as suggested by Tice (1995). 
In the present study, there was a statistically significant increase in the average median 
tailtnotnent value for 2AAAF concentrations of 200 nM and above. Besides this work 
(also published as Wagner et al., 1998b), only one paper reports the ru1alysis of2AAAF 
with the alkaline SCGE assay. With an identical treattnent thne of 2 h, 2AAAF within the 
concentration range frotn 200 - 800 nM induced a significant increase in the average 
tnedian tail mmnent values of a Chinese hrunster lung cell line (Plewa et al., 1998). The 
closely related tnutagens, 2-acetylruninofluorene (2AAF), 4-acetylaminofluorene ( 4AAF) 
and 2-mninofluorene (2AF) have been exatnined in the SCGE assay. Hirai et al. (1991) 
reported that 2AAF elicited a strong positive DNA-damaging response in isolated rat 
hepatocytes, while 4AAF yielded a weak positive response. However, isolated tnouse 
hepatocytes showed no DNA damage after 6 h of treatment with either 2AAF or 4AAF. 
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The concentrations employed were not reported in the paper. In an in vivo study, nuclei 
isolated from the liver or kidney of mice treated with 2AAF had significantly greater 
datnage (n1easured as Comet tail length) than nuclei fi·on1 control mice (Sasaki et al., 
1997). No increase in migration was observed for lung, spleen or bone man-ow DNA. 
DNA damage was induced in isolated hrunan lytnphocytes treated with 200 J.!M 2AF for 
4 h (Plewa et al., 1995b). Wang and Qian (1997) continued this result in human 
lymphocytes and also reported 2AF-induced damage in mouse and rat lymphocytes. The 
lowest concentration of 2AF that induced damage was 62.5 J..LM. 
In the present study, EMS concentrations of 8 mM and higher caused a significant 
increase in the average median tail mon1ent. A positive response has also been reported 
in hepatocytes isolated from rats, mice or humans (Hirai et al., 1991; Monteith and 
Vanstone, 1995a). In rat or humanlyn1phocytes the lowest concentration of EMS that 
induced single strand breaks was 480 JlM (Wang and Qian, 1997). EMS failed to induce 
damage in tnouse lymphocytes. A statistically significant concentration-dependent 
increase in tail length and tail n1o1nent in hun1an peripheral blood lymphocytes was 
observed following a 1-h treatment with EMS concentrations of 500 ｾｬｍ＠ and higher 
(Leroy et al., 1996). In preliminary studies using a different method of statistical analysis, 
an increase in tailtnoments with EMS concentrations of 4 tnM and above was demon-
strated in a CHO cell line (Wagner et al., 1998a). A dose-dependent response in CHO 
cells was induced by a 1-h treatlnent of EMS (26.8 - 805 J.tM) with unwinding and 
electrophoresis conditions of pH= 12.6, but not at pH= 12.1 (Miyamae et al., 1997). 
EMS caused an increase in both tail length and tail density in a human HUT-78 T-
lymphocyte culture (Shafer et al., 1994). 
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DNA damage by EMS tneasured with the SCGE assay has been reported in a number 
of in vivo studies. After treattnent of tnice with EMS, nuclei isolated from testes and 
leukocytes displayed greater drunage than cells :fi.·on1 control animals (Croom et al., 1991 ). 
Nuclei isolated from the liver, kidney, or hmg of mice treated with EMS had significantly 
greater drunage (increase in Comet tail length) than nuclei from control mice (Sasaki et 
al., 1997). In rats treated with EMS there was no damage in bone marrow cells and only 
slight, though not significant, increased damage in testicular cells (Anderson et al., 1996). 
EMS has been used as a positive control in organisms including fresh-water and marine 
fish and a polychaete to investigate the use of the SCGE assay for environmental 
biotnonitoring (Belpaeme et al., 1996; Belpaetne et al., 1998; De Boeck and Kitsch-
Voiders, 1997). 
EMS has also been studied with whole plants, plant cell cultures and isolated plant cell 
nuclei. Although the level of DNA damage in the negative controls was very high, DNA 
damage increased in nuclei isolated fi·otn roots of Vi cia faba seedlings treated with 1 f..LM 
and 1 mM EMS for 2 h (Koppen and Verschaeve, 1996). There was a significant 
concentration-dependent increase in median tailtnoments fi·mn nuclei isolated frotn leaves 
of tobacco plants treated for 18 h with 2tnM and above (Gichner and Plewa, 1998). When 
early-stationru·y phase tobacco cells (line TX1) were treated for 2 h with EMS, there was 
a significant increase in the tail moment values with concentrations above 3 mM 
(Stavreva et al., 1998). TX1 cell nuclei that were isolated fi·om untreated cells, embedded 
on SCGE slides and treated with EMS were more sensitive than the treated TX1 cells. 
With TX1 nuclei a significant increase in the median tailtnotnent values was observed 
at 1 mM and above (Stavreva et al., 1998). 
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In the present study, a significant dose-dependent increase in the average tnedian tail 
. 1nmnent values over the negative control was observed for UV doses of 210 ergllnm2 and 
above. The wavelength of the calibrated UV bulb employed in the present study was 254 
nn1, which is in the region of the UV spectrun1 designated as UV -C (290 - 100 nm). A 
literature review was lilnited to this wavelength or to the UV -C region. UV -C irradiation 
induced datnage in normal hun1at1 fibroblasts but not in repair-deficient cell lines 
(Alapetite et al., 1996). After exposure to wavelengths of 254 nm with a dose of 74 
erg!tnm2, significant DNA damage was observed in the SCGE assay with CHO cells 
(Miller et al., 1996). Significant datnage was also observed in a hutnan lung cancer cell 
line (Raynal et al., 1997). Spatial patterns of DNA datnage induced by UV-C and 
subsequent repair have been investigated in isolated intestinal crypts (Brooks and Winton, 
1996). Single strand breaks caused by UV -C and their repair have been studied in human 
skin fibroblasts, lytnphocytes and grru1ulocytes (Nocentini, 1995; Green et al., 1992; 
Lankinen et al., 1996). 
4.4.3 Whole Cell Clastogenicity as Measured with Laser Beam Flow 
Cytometry 
Flow cytotnetry has been used to assess the variation in the DNA content of cells 
within individuals or a1nong populations. This technology has wide applications fron1 
tumour diagnosis to screening wild populations for genotoxic insult. One measurement 
employed is the coefficient of variation (CV) of the G1 peak; increasing runounts of 
genotoxic datnage exhibit a broader DNA distribution profile with increasing CV values. 
The measuretnent of CV values with flow cyton1etry has been suggested as a potential 
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indicator of genetic changes associated with exposure to enviromnental contaminants. 
Although some studies have reported increased CV values in animals inhabiting 
enviromnents with chemical or radioactive contamination (McBee and Bickham, 1988; 
Lowcock et al., 1997; George et al., 1991; Bickham eta!., 1988; Dallas et al., 1998) other 
studies have been refi.·actory (Sugg et al., 1995; Custer et al., 1997; Lingenfelser eta!., 
1997a; Lingenfelser et al., 1997b). These were primarily field studies and perhaps the 
tnultitude of tmcontrolled factors in the enviromnent contributed to ambiguous data. 
A nutnber of investigations have been conducted under controlled laboratory 
conditions with known genotoxins. The CV values increased in a dose-dependent manner 
in bone tnanow cells fi.·otn tnice exposed to X-rays (Otto and Oldiges, 1980). Nuclei from 
gatnma-irradiated onion bulbs showed a broader DNA distribution profile with a tnuch 
higher CV as compat·ed with non-irradiated bulbs (Selvan and Thomas, 1995). A 
concentration-dependent increase in CV values was observed in bone tnat'l'OW cells from 
tnice treated with cyclophosphrunide (Otto eta!., 1981). When rats were exposed to the 
alkylating agent, triethylenetnelamine, the CV values of the G1 peak increased in nuclei 
isolated fi.·om son1atic and testiculru· cells (Bickhan1 et al., 1992; Bickham et al., 1994). 
After Chinese hatnster cells were exposed to increasing doses of X-rays, CV values 
increased in the peaks of the lm·gest clu-otnosome type as well as in the G1 peak (Otto and 
Oldiges, 1980). Chen1ical tnutagens including N-methyl-N ｾｮｩｴｲｯＭｎＭｮｩｴｲｯｳｯｧｵ｡ｮｩ､ｩｮ･＠
(MNNG) and 4-nitroquinoline-1-oxide induced a statistically significant, concentration-
dependent increase in CV values in the peaks of the lm·gest chromosome type in Chinese 
hamster cells (Otto and Oldiges, 1980). The CV of the G1 peak increased in CHO cells 
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exposed to adrirunycin, cytosine P-D-ru·abinofuranoside, and atrazine (Biradar and 
Rayburn, 1995; Taets et al., 1998). 
In the present study, a positive concentration-dependent response was observed with 
a significant increase in CV values with 2AAAF concentrations of 400 nM and above. 
Besides this work (also published as Wagner et al., 1998b), only one paper reports the 
analysis of CV values with 2AAAF and flow cytotnetry. Treatment with 2AAAF (200 
nM - 1 j..tM) for 2 h induced a significant concentration-dependent increase in the CV 
values meastu·ed in G1 peaks of nuclei from a Chinese hamster lung cell line (Plewa eta!., 
1998). There ru·e few published papers on flow cytometric analysis of other arylamines 
closely related to 2AAAF, and in these studies CV values were not n1easured. With this 
approach, rats treated with 2AAF or 4AAF have been used to study models of liver 
carcinogenesis (Gerlyng et al., 1994; Seglen et al., 1994). 
There was a significant increase in CV values of the G 1 peak of cells treated with EMS 
concentrations of 10 111M and above. Other reseru·chers have reported increased damage 
with EMS when analysed with flow cytometry. When a Chinese hamster cell line was 
exposed to 0.3 - 10 mM EMS for 24 h, there was a significant concentration-dependent 
increase in the CV of the peak of the Iru·gest chromosotne type (Otto and Oldiges, 1980). 
Reseru·chers etnploying flow cyton1etry have used EMS for other purposes than the 
analysis of CV values. The effects of EMS on cell cycle analysis, cell viability and 
apoptosis, and for mutant selection ru1d characterisation have been investigated (Morris 
et al., 1991; Monis et al., 1994; Cid et al., 1994; Lefterova et al., 1993). 
A positive dose-response trend was noted with increasing UV ｲ｡ｾｩ｡ｴｩｯｮＮ＠ However, 
there was no statistically significant increase in CV values. This may be due to a 
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differential persistence in the DNA lesions produced by UV versus EMS. In a study of 
sister chromatid exchanges in synchronised CHO cells, DNA lesions persisted throughout 
two cell cycles after treattnent with mitotnycin C and EMS. As cotnpared with the 
chemical mutagens, the lesions induced by UV were only tnoderately persistent (Coties 
et al., 1994). Using UV -C as the mutagen, methods other than the measurement of CV 
values have been incorporated with flow cytometry. With these protocols the effects of 
UV -C on apoptosis, cell cycle analysis, gene expression and DNA repair have been 
investigated (Godar and Lucas, 1995; Lopez-Candales et al., 1996; Wang and Ellem, 
1994; Sidjanin eta!., 1996; Stivala eta!., 1993). 
4.4.4 Induction of Forward Mutation 
2AAAF was an exceedingly potent mutagen. In the present study, concentrations of 
50 nM and above induced a significant concentration-dependent increase in gpt- 1nutants. 
With the closely related cotnpound 2AAF, there was an increase in mutation induction in 
CHO AS 52 cells treated with 30 J.LM for 2.5 h in the presence of exogenous metabolic 
activation (Neumann et al., 1997). 
In this work, 2-h treattnents with 2 tnM EMS (equivalent to 250 J.Lg!Inl) induced a 
significant increase in mutation. EMS was used as a positive control (200 Jlg/tnl for 5 h) 
in a study that characterised nickel-induced mutations in CHO AS 52 cells (Rossetto et al., 
1994). A 5-h treatment of EMS (200 Jlgltnl and above) induced 0.82 mutants/ I 06 clonable 
cells on a ｾｴｧＡｴｮｬ＠ basis (Stankowski et al., 1986). In the present work, a 2-h treattnent of 
EMS induced 0.52 tnutants/1 06 clonable cells on a Jlgltnl basis. 
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In the present study, all UV doses ranging fi·om 21 - 210 erg/mtn2 induced a 
significant dose-dependent increase in mutation induction. This confirmed the earlier 
work of Tindall et al. (1984) where a dose-dependent increase in gpt tnutants occurred 
with doses of 30- 90 erg/mm2 (3 - 9 J/m2). The protocols for UV irradiation differed 
between these two studies. In the earlier analysis of CHO AS 52 cells, cells were irradiated 
in 100 nun dishes containing 5 ml saline G (Tindall, 1982). In the present work, HBSS 
was aspirated frotn the cells imn1ediately before UV exposure and thus there was no liquid 
covering them at the time of irradiation. In the earlier work, UV induced 7 4 mutants/1 06 
clonable cells/J/n12 (Stankowski et al., 1986). For comparison, the data in the present work 
were converted to a J/m2 basis. Over a similar dose range (2.1 - 1 0 J/m2), UV induced 
58.8 mutants/1 06 clonable cells/J!tn2• 
4.4.5 Cytotoxicity and Clonogenicity Analysis 
It is impot1ant to note that the experiments in the present study were conducted under 
non-toxic conditions. Survival in the fotward mutation assay was above 65% in all cases 
except at the highest 2AAAF concentration (23.4%) and the highest UV dose (9.3%). It 
is generally recommended when employing the SCGE assay that the percent surviving 
cells remain above 75%, to distinguish true genotoxic datnage from cytotoxic damage. In 
a compru·ative study of cytotoxins and genotoxins in the SCGE assay, cytotoxins induced 
increases in DNA migration in cases where viability was ｾ＠ 75% (Henderson et al., 1998). 
In this study, survival data for the SCGE assay was generally above 80% with a slight 
decline at the two highest UV doses. 
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An interesting cotnparison was 111ade between the cytotoxicity data from the SCGE 
assay and the clonogenicity data from the gpt assay. In the SCGE assay, the negative 
control for cytotoxicity is based on the absolute percent viable cells (living cells/total 
nlunber of cells). In the gpt assay, the negative control is on a relative basis ( convetted to 
1 00%). For a valid comparison, the percent viable cells in the SCGE assay were converted 
to a relative basis and both sets of data are presented in Figures 4-11 and 4-12. 
Measuring acute toxicity by vital dye exclusion only gave information on the viability 
of cells at the motnent the SCGE slides were prepared. However, in the forward mutation 
assay survival was based onlong-tenn clonogenicity. By con1paring Figln·es 4-11 and 4-
12 it is obvious that some cells tneasln·ed as viable with the vital dye teclmique were 
doomed to die. 
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Concentration of Chemical Mutagen (M) 
10 100 1000 10000 
Ultraviolet Radiation Dose ( erg/mm2) 
Figure 4-11. The cytotoxicity of2AAAF, UV and EMS in the 
SCGE assay. 
The survival of the CHO cells was determined immediately after treatment 
with trypan blue vital dye. 
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Figure 4-12. The clonogenicity of 2AAAF, UV and EMS in 
the forward mutation assay. 
The clonogenicity data measured the ability ofCHO cells to attach to plates 
and grow into individual clones over a period of 8 days. 
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4.5 Conclusions 
A clone of the CHO AS52 cell line was isolated and characterised in terms of its CV 
value with flow cytometry and its spontaneous and induced tnutation frequencies. Under 
identical treatment conditions this clone was analysed with three diverse biological 
endpoints that measure mutagenic events at the level of DNA, the gene and the 
ch.rotnosome. The genetic endpoints included acute DNA dan1age as detected in the 
alkaline single cell gel electrophoresis (SCGE) assay, chrotnosome damage as detected 
with laser beam flow cytometry and forward mutation at the gpt target gene. In general, 
there was an overall agreetnent between these results and the existing literature. 
Differences in the degree of response tnay be due to differences in treatment conditions 
or to differential sensitivity or repair. With the SCGE assay there were statistically 
significant increases in DNA damage with 2AAAF, EMS and UV radiation. Analysis of 
the CV values with flow cytotnetry revealed statistically significant increases in 
chromosome damage with 2AAAF and EMS but not with UV radiation. Forward 
mutation was induced with all tlu-ee mutagens at much lower concentrations. This study 
demonstrates that assays with diverse genetic endpoints can be compared when the 
experitnental designs are sufficiently stringent. 
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CHAPTERS 
CALIBRATION AND COMPARISON OF 
GENETIC ENDPOINTS IN THE SCGE, 
FLOW CYTOMET·RY AND 
FORWARD MUTATION ASSAYS 
ｾＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ ·-·-·--.- - - -·- --
5.1 Introduction 
An integral part of this dissertation research is the calibration of genetic indicator 
systems using specific mutagens. The genetic endpoints include acute DNA damage as 
detected in the alkaline single cell gel electrophoresis (SCGE) assay, whole cell 
clastogenicity as detected with laser beru.n flow cytmnetry and forward 1nutation at a 
specific gene tru.·get in an isolated clone of Chinese hamster ovary (CHO) cells. This 
battery of assays n1easures different types of genotoxic events at the level of DNA, the 
gene and the chromosome. The objectives of this reseru.·ch component were, (i) to compare 
the induction of genetic damage in1nammalian cells using specific 1nutagens that have 
different moleculru.· modes of action, (ii) to compru.·e the induction curves within a single 
clone of the CHO cell line (AS 52) under identical treatment conditions using forwru.·d 
mutation at gpt, SCGE assay ru.1d flow cytometry, and (iii) to analyse the concentration 
or dose-response ctu-ves and to dete1mine the relationship ru.nong the three assays in te1ms 
of their sensitivity. 
The forward 1nutation assay at gpt involves the loss of function of guanine 
phosphoribosyl transferase. The tru.·get gene gpt was isolated from E. coli, introduced into 
the CHO genome ru.1d is a 456 base pair tru.·get. This assay detects base pair substitution 
and frameshift 1nutations, deletions and insertions involving the gpt locus. The SCGE 
assay detects single and double strand DNA breaks, alkali labile DNA adducts, alkali 
labile apurinic/apyrimidinic sites and incomplete excision repair sites. Laser beam flow 
cytometry 1neasures DNA da1nage in single cells caused by chro1nosome breaks, 
chromosome abenations, aneuploidy, changes in the ntunber of sets of chromosomes per 
cell ru.1d alterations in the cell cycle. In the present study the relationship is defined 
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between (i) a well-established forward mutation assay, (ii) a short term in vitro genetic 
assay that detects acute DNA datnage and (iii) an assay that detects long-term chromo-
some drunage in individual mamn1aliat1 cells. The SCGE assay is gaining widespread use 
in genetic toxicology, however, very few studies have evaluated this assay with other 
genetic endpoints, such as fotwru·d mutation in the srune cell line tmder identical treatment 
conditions. The significance of an increase in damage detected with the SCGE assay is 
unknown. It has been suggested that the SCGE assay could be used as an environmental 
tnonitor for genetic datnage. The calibration studies serve as a foundation for the use of 
flow cytotnetry and the SCGE assay in compru·ative genetic toxicology. This is the first 
tilne that forwru·d mutation, DNA strand breaks as measured in the SCGE assay atld 
chromosotne danl.age as measured with flow cytotnetry have been calibrated under 
identical treatment conditions in an isolated clone of mammalian cells. 
5.2 Materials and Methods 
5.2.1 ｾ｡ｴ･ｲｩ｡ｬｳ＠
Materials used in each assay have been described in Section 2.1. 
5.2.2 ｾ･ｴｨｯ､ｳ＠
The tnethods for the three genetic assays have been described in detail in Sections 
2.2.1, 2.2.2 and 2.2.3. 
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5.2.2.1 Statistical analysis 
For the SCGE assay, the slide was used as the unit of measure rather than the cell 
(Lovell et al., 1999). Frotn the repeated experitnents, the tnedian or tnean tailtnoment 
values obtained from each SCGE slide were norn1ally distributed based on the central 
limit theoretn (Box et al., 1978). The averaged n1edian tail mon1ent value obtained frotn 
repeated experhnents was used with a one-way analysis of variance test. The null 
hypothesis was rejected if a significant F value of ｐｾＰＮＰＵ＠ was obtained. In such cases, 
a Dunnett's multiple comparison versus the control group analysis was conducted. In all 
cases, the power of the test statistic (p) was ｾＰＮＸ＠ at a=0.05. The data obtained fi·mn flow 
cytometry and forward tnutation (gpt) experiments were also evaluated using analysis of 
variance under the same conditions for the test statistic as outlined above. To compare 
the level of correlation of the concentration-response data for each mutagen atnong the 
SCGE, flow cytometry and point tnutation assays, a Pearson product moment con·elation 
test was conducted. A Pearson product motnent correlation test was conducted with 
specific pm·atneters of the SCGE assay tneasured with the cotnputerised CCD image 
analysis systen1 (Kotnet version 3.0, Kinetic In1aging Ltd., Liverpool, UK). 
5.3 Results 
The endpoints of the three genetic assays n1eastu·e diverse types of genetic datnage. 
By the combined at1alysis of these assays a comprehensive meastu·etnent of genetic 
damage as well as atl assesstnent of cotnparative sensitivity was acquired. Forwm·d 
mutation at gpt exhibited statistically significant increases over the control with 50 nM 
2AAAF, 2 tnM EMS or 21 erg/n1n12 UV (Figure 5-1B). Induction offorwm·d mutants 
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exhibited maxin1um fold increases of 5.3x, 17.8x, and 11 x with 2AAAF, EMS and UV, 
respectively. The clonogenicity data are presented in Figure 5-1 A. In the SCGE assay, the 
average tnedian tail moment values increased over the control with 200 nM 2AAAF, 8 
mM EMS or 210 erg/mn12 UV (Figtu·e 5-2B). The maxitnutn fold increases observed in 
the SCGE assay were 26.7x, 205.3 x, and 48.7x with 2AAAF, EMS and UV, respectively. 
The cytotoxicity data are presented in Figtu·e 5-2A. Flow cytometry analysis displayed 
statistically significant increases in CV values of the G 1 peak over the control with 400 
nM 2AAAF or 10 tnM EMS (Figure 5-3). Although there was a positive dose-response 
trend, no statistically significant increase in CV values over the control were observed 
with UV (Figure 5-3). With flow cytotnetry the maxilnum fold increases were 2.3 x, 2.1 x, 
and 1.7x with 2AAAF, EMS, and UV, respectively. 
5.4 Discussion 
5.4.1 Intragenomic Distribution of DNA Damage in the SCGE Assay 
In the SCGE assay it has been suggested that different agents induce different 
intragenotnic distributions of DNA drunage (Tice, 1995). 2AAAF induces bulky DNA 
adducts and EMS causes alkylated DNA lesions. These DNA adducts pruiicipate directly 
in the generation of DNA strand breaks or indirectly via the generation of alkali-labile 
sites or as excision repair sites. However, pyrhnidine dimers induced by UV are not 
efficient generators of DNA strand breaks nor are they efficiently converted into alkali-
labile abasic sites. It has been suggested that the majority of strru1d breaks that result after 
UV treatment may be at sites of incon1plete excision repair (McKelvey-Matiin eta/., 
1993; Fairbairn et al., 1995). 
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Figure 5-1. Forward mutation assay. 
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(A) The clonogenicity of2AAAF, UV and EMS measured the ability of treated 
CHO cells to attach to plates and grow into individual clones over a period 
of 8 days. (B) Forward mutation at gpt of treated CHO cells induced by 
2AAAF, UV, and EMS. For each mutagen, the data were from 3 experiments 
with 2 replicates per experiment. 
184 
L__ _____________________ ___ -- -- ----- -
< 70 D)' 
ｾ＠
0 2AAAF 
D uv 50 ｾ＠
-E 
:::J.. 
- 60 
..... 
s:: 
Q) 
E 50 0 
ｾ＠
ca 40 
I-
s:: 
Ｎｾ＠ 30 
"C 
Q) 
ｾ＠
Q) 20 
C) 
ca 
-ｾ＠ 10 
<( 
0 EMS 
e 2AAAF 
• uv 
+ EMS 
A 
B 
1 o-a 1 o-7 1 o-s 1 o-5 1 o-4 1 o-3 1 o-2 1 o-1 
Concentration of Chemical Mutagen (M) 
10 100 1000 10000 
Ultraviolet Radiation Dose (erg/mm2) 
Figure 5-2. The SCGE assay. 
(A) The cytotoxicity of 2AAAF, UV and EMS using the trypan blue vital dye 
method with CHO cells. (B) The concentration-response or dose-response 
curves of 2AAAF, UV, and EMS with treated CHO cells. For each mutagen, 
the data were from 3 experiments with 2 replicates per experiment. 
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Figure 5-3. Flow cytometric analysis. 
The concentration-response or dose-response curves of 2AAAF, UV, and 
EMS measuring whole cell clastogenicity in treated CHO cells. For each 
mutagen the data were from 3 experiments with 1 replicate per experiment. 
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The tailtnoment value is the product of the amount of DNA that has tnigrated frotn 
the nucleus and the tnigration distance which is a function of DNA fragment size. 
Mutagens can induce a concentration-dependent response leading to an increase in SCGE 
tail moment values. One hypothesis states that if damage is randomly distributed 
throughout the genotne, the runount of DNA migrating fi.·om the nucleus and its level of 
damage (reduction of DNA fi·agment size) should increase in direct proportion to tnutagen 
concentration (Stavreva et al., 1998; Wagner et al., 1998b; Giclmer et al., 1999). Under 
these conditions the ratio of the percent tail DNA and tail length would remain constant 
. 
and the data would result in a horizontal line when plotted against the mutagen dose. 
However, if the distribution of DNA damage is not randotn or unifonn, a deviation fi.·on1 
the horizontal plot would occur. An increase in the ratio of the percent tail DNA and the 
tail length could be the result of a greater increase in the percent tail DNA than the 
increase in the corresponding tail length. The data frotn Chapter 4 were analysed to test 
this hypothesis. The highest amount of the percent tail DNA within each n1utagen 
concentration range was 52.1 %, 77.3o/o, and 35.8%, with 600 nM 2AAAF, 20 mM EMS 
and 1500 erg/mm2 UV, respectively. The greatest tail length within each concentration 
range was 97.4 ｾｴｭＬ＠ 77.5 J.Lm, and 104.6 ｾｴｭＬ＠ with 800 nM 2AAAF, 20 mM EMS and 
1000 erg/mm2 UV, respectively. The ratio of the percent tail DNA and tail length was 
evaluated as a function of each concentration or dose for each n1utagen (Figure 5-4). With 
the UV data, the increase in both the percent tail DNA and tail length was proportional 
per unit dose with no overall increase in the ratio of these two pru·ameters (Figure 5-4). 
This finding suggests a randotn distribution of DNA damage induced by UV. However, 
the data for 2AAAF and EMS generated strikingly different curves (Figure 5-4). As the 
187 
---'-------------------------·· · . .... - - - . -
concentration of the chemicaltnutagens increased, the ratio of the percent tail DNA and 
the tail length increased, indicating a non-random distribution of DNA damage. 
In a comparative study, a Nicotiana tabacum cell suspension culture (TXl) was 
responsive to EMS in the SCGE assay (Stavreva et al., 1998). A comparison of the 
n1edian tail n1o1nent values between the TX1 cells (Stavreva et al., 1998) and the CHO 
clone from the present study is illustrated in Figure 5-SA. The CHO cells expressed a 
sharper slope in their concentration-response than did the plant cells; however, both were 
responsive throughout the EMS concentration range. The ratio of the percent tail DNA 
and tail length as a function of EMS concentration was evaluated for TX1 cells (Stavreva 
et al., 1998) and compared with the CHO clone (present study). For both CHO cells and 
TX1 cells, the ratio of the percent tail DNA and the tail length increased as a function of 
EMS concentration (Figure 5-SB). A cotnparison of DNA drunage induced by tnonofunc-
tional alkylating agents in intact tobacco plants was conducted (Gichner et al., 1999). 
Increases in the ratio of the percent tail DNA and the tail length were observed in nuclei 
isolated fi:om leaves of plants treated with N-methyl-N-nitrosotu-ea (MNU), methyl 
n1ethanesulphonate (MMS), N-ethyl-N-nitrosourea (ENU) and EMS (Figure 5-6). Thus 
in cells treated with 2AAAF or alkylating agents, DNA of relatively larger pieces may 
be tnigrating from the nucleus as a ftu1ction of concentration, whereas when cells are 
treated with UV, the DNA may be tnigrating in relatively smaller fragtnents. This 
relationship between the runount of DNA migration and the tail length demonstrated 
agent-specific variations in the intragenomic distribution of DNA damage in a 
n1an1tnalian cell line, a plant cell line and in intact plants. The ratio of the percenttail 
DNA atld the tail length was calculated from data in Olive et al. (1990). In _Chinese 
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hamster V79 cells exposed to increasing X-ray doses (5- 20 Gy), the ratio of the percent 
tail DNA and the tail length increased fron1 0.95 - 1.66. 
5.4.2 Genetic Response Factors 
One objective of this research was to compare and analyse the induction cm·ves under 
identical treatlnent conditions using forward tnutation at gpt, the SCGE assay and flow 
cytometry. The genetic response factor is an attempt to describe the kinetics of the 
relative response of the genetic endpoints in the SCGE, flow cytotnetry and forward 
n1utation assays (Gichner and Plewa, 1998; Wagner et al., 1998a; Wagner et al., 1998b). 
The kinetics of response for each endpoint were con1pared by calculating the ratio of the 
difference in the response within the linear portion of each concentration-response curve 
divided by the slope of the cm·ve. With 2AAAF the regions of linearity were, gpt assay 
range 50- 500 nM, r2 = 0.90, slope= 0.217, SCGE assay range 50- 600 nM, r2 = 0.99, 
slope= 0.072, flow cytometry range 50-600 nM, r2 = 0.99, slope= 0.0018 (Figm·e 5-7). 
The genetic response factors for gpt, SCGE and flow cytometry assays were 514, 550 and 
555, respectively. This observation suggests that the induction kinetics of genetic drunage 
induced by 2AAAF and Ineastu·ed by all three assays were closely related. The regions 
oflineru·ity of the concentration-response cmves using EMS were, gpt assay range 0.8-
8 mM, r2 = 0.95, slope= 95.0, SCGE assay range 5 - 20 mM, r2 = 0.97, slope= 3.85, 
flow cytometty range 0.8- 20 mM, r2 = 0.94, slope= 0.131 (Figure 5-8). The genetic 
response factors for gpt, SCGE and flow cytometry assays were 7.4, 16.5 and 21.3, 
respectively. 
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Figure 5-4. Intragenomic distribution of DNA damage. 
CHO cells were treated with 2AAAF, EMS, or UV in the SCGE assay. Each 
data point represents the ratio of the averaged percent tail DNA and tail 
length for each treatment group. 
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Figure 5-5. Comparison of TXJ and CHO cells in the 
SCGE assay. (Adapted from Stavreva et al., 1998). 
(A) Concentration-response curves of TXJ cells and CHO cells 
exposed to EMS. The error bars represent the standard error of the 
mean. (B) A comparison of the intragenomic distribution of DNA 
damage in TXJ cells and CHO cells after treatment with EMS. Each 
data point represents the ratio of the averaged percent tail DNA and 
tail length for each treatment group. 
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Figure 5-7. Analysis of2AAAF. 
(A) Forward mutation at gpt of treated CHO cells. The data were 
from 3 experiments with a total of 6 replicates. (B) DNA damage in 
the SCGE assay or whole cell clastogenicity of CHO cells using flow 
cytometric analysis. The data for the SCGE assay were from 3 
experiments with a total of 6 replicatesJ· the data from flow cytometry 
were fi·om 3 experiments with a total of 3 replicates. The error bars 
represent the standard error of the mean. 
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Figure 5-8. Analysis of EMS. 
(A) Forward mutation at gpt of treated CHO cells. The data were 
from 3 experiments with a total of 6 replicates. (B) DNA damage in 
the SCGE assay or whole cell clastogenicity ofCHO cells using flow 
cytometric analysis. The data for the SCGE assay were from 3 
experiments with a total of 6 replicates; the data from flow cytometry 
were from 3 experiments with a total of 3 replicates. The error bars 
represent the standard error of the mean. 
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These values suggest that the kinetics of the induction of genotoxic dan1age by EMS were 
shnilar. Cotnparable genetic response factors with EMS were calculated for mutation 
(7.8) and the SCGE assay (7.8) in tobacco plants (Gichner and Plewa, 1998). 
For UV, the regions of linearity were, gpt assay range 21- 105 erg/tnm2, r2 = 0.97, 
slope= 2.44, SCGE assay range 50 - 1500 erg1Inm2, r2 = 0.96, slope= 0.022, flow 
cytotnetry range 0- 882 erg/mm2, r2 = 0.77, slope= 0.0014 (Figure 5-9). The genetic 
response factors for gpt, SCGE and flow cytometry assays were 84, 1398 and 1090, 
respectively, suggesting that the kinetics ofUV-induced genetic drunage as measured by 
SCGE and flow cytotnetry were more closely related than that determined for tnutation 
induction. 
With the advent of computerised in1age analysis systen1s for the SCGE assay, many 
parameters can be tneasured simultru1eously. The tail motnent (integrated value of DNA 
density multiplied by the migration distru1ce) was recomtnended by Olive et al. (1990), 
because it provided the best description of overall X-ray-induced damage and exhibited 
the highest correlation coefficient of the parameters measured. Pearson product tnoment 
con·elation (r) values were calculated between the concentration or dose of each mutagen 
and the median tail moment, percent tail DNA or tail length (Table 5-1). 
Table 5-l. Pearson product moment correlations (r) of parameters 
in the SCGE assay. 
Mutagen Tail Moment %Tail DNA Tail Length 
2AAAF r = 0.984, P < 0.001 r = 0.947, P < 0.002 r = 0.939, P < 0.002 
EMS r = 0.976, P < 0.001 r = 0.968, P < 0.001 r = 0.913, P < 0.001 
uv r = 0.963, P < 0.001 r = 0.913, P < 0.001 r = 0.907, P < 0.001 
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Figure 5-9. Analysis of UV. 
(A) Forward mutation at gpt of treated CHO cells. The data were 
from 3 experiments with a total of 6 replicates. (B) DNA damage in 
the SCGE assay or whole cell clastogenicity ofCHO cells using flow 
cytometric analysis. The data for the SCGE assay were from 3 
experiments with a total of 6 replicates; the data from flow cytometry 
were from 3 experiments with a total of 3 replicates. The error bars 
represent the standard error of the mean. 
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Although each SCGE parruneter was highly correlated with the concentration or dose of 
the mutagen, the tail motnent n1easurement had the highest r values. These data agree 
with Olive et al. (1990). 
5.4.3 Genotoxic Potency 
Genotoxic potency is a measure of the induced genetic damage per mole unit of 
chetnical mutagen or physical unit of dose for radiation. The genotoxic potency of each 
n1utagen was calculated for each assay for each concentration or dose in the linear portion 
of the concentration-response curve (Figw·es 5-7, 5-8 and 5-9) and is presented in Table 
5-2. 
Table 5-2. Genotoxic potency. 
Mutagen gpt Mutants/106 Median Tail Mean CV Value 
Clonable Cells Moment (J.tm) 
2AAAF 1.1 X 1 05/j.UllOle 3.8 j.Lm/j.Lnlole 1.3x1 03/j.Lmole 
EMS 13/j.Lnlole 1.1 j.Ltnlj.Lmole 0.04/j.Lnlole 
uv 5.9/erg/mm2 0.03 j.unlerg/mm2 0.003/erg/mm2 
5.4.4 The SCGE Assay and Cytogenetic Damage 
The SCGE assay was first introduced by Ostling and Johanson (1984) as a technique 
for direct visualisation of DNA dan1age in individual matnmalian cells. Over the last 
decade it has been etnployed to investigate such diverse ru·eas as DNA repair, radiation 
biology, environmental biotnonitoring, genetic toxicology, and hutnan epidemiology 
(McKelvey-Mruiin et al., 1993; Fairbairn et al., 1995; Tice, 1995). There has been a 
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demand for rigorous validation of the assay, because of its widespread use, the multitude 
of treatment protocols, differing lysis and electrophoresis teclmiques and varying criteria 
for a positive response (Ashby, 1995; Fairbahn et al., 1995; Tice, 1995; Anderson et al., 
1998b; Henderson et al., 1998). The ability of the SCGE assay to discriminate between 
genotoxins and cytotoxins has recently been addressed (Hartmam1 and Speit, 1995; 
Henderson et al., 1998). In a review of the literatw·e, carcinogenicity data and data from 
the SCGE assay were compared (Anderson et al., 1998b). The sensitivity of the SCGE 
assay (carcinogens that were positive in the SCGE assay) and the specificity of the SCGE 
assay for carcinogens (non-carcinogens that are negative in the SCGE assay) were 
calculated. The SCGE assay had a high sensitivity for carcinogens, 88%. Although the 
specificity of the SCGE assay was 64%, the authors stated concern because of the small 
sample size (7 /11 ). 
While over 200 chemical and physical mutagens have been investigated with the 
SCGE assay, relatively few studies have calibrated it to a genetic standard such as forward 
tnutation or investigated its sensitivity as compared with tnore well-established 
genotoxicity assays such as chrotnosome abenations, sister-chron1atid exchanges (SCE), 
micronuclei or DNA adduct levels within the smne cell line or organism. Overall, there 
appears to be a close cqncordance between increased dmnage detected with the SCGE 
assay and increased chrotnosome aberrations within the same cell line or organism 
(Majeska a11d Holden, 1995; Monteith and Vanstone, 1995b; Anderson et al., 1997c; 
Slamenova et al., 1997; Cebulska-Wasilewska et al., 1998; Vigreux et al., 1998). 
However, in an epiden1iological study of 1,3-butadiene-exposed workers, increased 
cytogenetic datnage was reported in the fonn of chromosome aberrations and SCEs 
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without an increase in the number of micronuclei or damage detected in the SCGE assay 
(Snun et al., 1998). In general, the SCGE assay exhibited a close agreement with SCE 
induction (Betti et al., 1995; Harttnann and Speit, 1995; Cebulska-Wasilewska et a!., 
1998). Nonetheless, two papers reported that genetic drunage was detected with the SCGE 
assay without accon1panying SCE induction (Rueff eta!., 1996; Henera et al., 1998) or 
without accompanying chromosome abenations (Rueff et al., 1996). A comparison of 
data derived fi.·o1n the literature de1nonstrated that a positive result in the SCGE assay did 
not always conespond to a positive result in the micronucleus assay (Tafazoli ru1d Kirsch-
Volders, 1996; Van Goethem eta!., 1997; Speit et al., 1998). It was suggested that some 
chemicals induced damage that was observed with the SCGE assay, were repaired and 
were not 1nanifested later as detectable chromosome damage (Speit et al., 1998). 
However, when both assays displayed positive results, the SCGE assay was more 
sensitive with most che1nicals (Tafazoli and Kirsch-Voiders, 1996; Van Goethe1n et al., 
1997). At variance with this general trend is one paper that reports an increase in 
1nicronuclei with emodin, danthron, and aloe-emodin but increased responses in the 
SCGE assay with only the latter two chemicals (Muller et al., 1996). Responses in the 
SCGE assay agreed well with DNA adduct levels (Bastlova et al., 1995; Vodicka et al., 
1995; Hanelt et al., 1997). 
5.4.5 Approaches for the Comparison of the Relative Sensitivities of the 
SCGE and Mutation Assays 
A literature stu·vey was conducted for publications concerned with the SCGE assay 
and mutation induction. For the purpose of this discussion, papers that investigated these 
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two endpoints in different organisms were disregarded. Within a single organism or cell 
line tnany different protocols with different cell types, treattnent times and concentrations 
were used. The responses are those stated by the authors in the papers cited. With the 
caveat that the issue of intra- and inter-laboratory variability in the SCGE assay has not 
been studied, and that most of the SCGE assays were not conducted under optimal 
conditions, the ｾ｡ｴ｡＠ were extrapolated from the text, figures or graphs of the respective 
papers in an attetnpt to cotnpare the relative sensitivity of the SCGE assay with mutation 
induction within the identical cell line or organisn1. 
In this discussion, three approaches were en1ployed to compare the relative sensitivity 
of the SCGE assay with mutation assays. One approach was to calculate the fold increase 
in response over the respective controls in each assay and over the identical concentration 
range. Limitations of this approach included the physical range of lilnits of the tneasured 
parameters, the differential cytotoxicity expressed by both the SCGE and mutation assays, 
the failure to include any threshold or plateau effect of the chemical, and the requirement 
for identical concentrations in both types of assays. Another approach was the concept of 
a genotoxic index recently proposed by Gichner et al. (1999). In this process, the data 
were nonnalised by calculating an induced value of genetic datnage for each assay, for 
each concentration exan1ined. These values were divided by the corresponding mutagen 
concentration for a specific treatlnent group. This type of approach circumvented the 
requirement for identical concentrations in both assays and also allowed for the 
cotnparison of a tnuch wider concentration range. A third approach was to compare the 
lowest concentration of agent that resulted in a response which was statistically higher 
than the respective control for each assay. A comparison based on this analysis was 
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limited since the treatment conditions tnust be identical and there were few papers where 
this statistical information was available. 
5.4.5.1 Relative sensitivity of the SCGE assay and mutation induction based on fold 
increase over the respective controls 
There are dissimilar results between datnage revealed by the SCGE and mutation 
assays within the san1e cell line or organism. A ntunber of studies repol1ed no conespon-
dence between the two assays (Vodicka et al., 1995; Herrera et al., 1998; Merk and Speit, 
1998) or only a prutial correspondence (Majeska and Holden, 1995; Muller et al., 1996; 
Speit et al., 1996; Adrun et al., 1997; Hanelt et al., 1997). In a study conducted with 
styrene-exposed workers it was conjectm·ed that the lack of a direct relationship between 
SCGE response and tnutation inductionn1ight be due to the large differences in mutation 
frequency between supposedly tmexposed subjects (Vodicka et al., 1995). Even though 
praziquantil induced DNA single-strand breaks in the SCGE assay, HPRT tnutations were 
not induced (Henera et al., 1998). These authors suggested that the effects observed in 
the SCGE assay were early events that could be efficiently repaired. 
In another study it was suggested that the lack of correspondence was due to an 
intrinsic characteristic of the locus exrunined (Majeska and Holden, 1995). Whereas p-
aminophenol induced chrotnosotne abenations and DNA breaks in mouse lymphoma cells 
and Chinese hamster ovary cells, it induced mutation only at the TK locus, and did not 
increase HGPRT tnutation in either cell line. Since the nuclei in the SCGE assay were 
scored as either plus (presence of a tail) or minus (no tail) it was impossible to compru·e 
the relative sensitivity of both the SCGE and n1utation assays in this study. In mouse 
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lymphotna L5178Y cells, all three 1 ,8-dihydroxyanthraquinones studied induced an 
increase in mutations at the TK locus, but only two induced increases in the SCGE assay 
(Muller et al., 1996). In this report cells were treated with four concentrations of the 
chemicals for 4 h in the mutation assay and with only one concentration for 5 h in the 
SCGE assay. Based on fold increases over their respective controls, and using the data 
fron1 the one concentration in the SCGE assay, n1utation induction was slightly more 
sensitive than the SCGE assay with danthron (1.1 x) and with aloe-emodin (1.3 x). Speit 
et al. (1996) suggested that for some agents such as benzo[a]pyrene (BP), some effects 
observed in the SCGE assay represented excision repair activity and were not directly 
related to premutagenic lesions. With tl1e reactive metabolite of BP, (±)-anti-
benzo[a]pyrene-7,8-diol 9,10-oxide ((±)-anti-BPDE), the concentration required to 
generate a tnutagenic effect was 200 times higher than that required for an increase in the 
SCGE assay. In a later study with the same cell line, a lack of correspondence between 
the SCGE assay and mutation induced by BP was attributed to a possible threshold effect 
that must be exceeded before mutation induction was detected (Hanelt et al., 1997). In 
this study an increase intnutation induction with (±)-anti-BPDE was observed at tnuch 
lower concentrations than the previous study. Based on fold increases over their 
respective controls and over the identical concentration range, the SCGE assay was 1.5-
3.5 x more sensitive thantnutation induction. 
With any biological systetn, it is impot1ant to understand the tnechanistn of the agent 
under study. The fonnation of crosslinks in DNA interferes with its ability to tnigrate in 
the electrophoretic field of the SCGE assay (Olive et al., 1990; Olive et al., 1992; Olive 
and Banath, 1995; Merk and Speit, 1998). CHO AS52 cells were incubated with 5 J.LM 
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8-methoxypsoralen (8-MOP) and exposed to UV -A itTadiation for 5 or 20 min (Adam et 
al., 1997). After a 5 tnin irradiation period, a significant increase in comet tail length was 
observed with a fold increase over the control of approximately 2.2x. After a 20 min 
period of inadiation, the tail length had decreased to the level of the non-inadiated 
control. The authors attributed the decrease to extensive crosslink formation during the 
prolonged inadiation period. The mutagenicity of 8-MOP (0.5, 3 or 6 ｾｍＩ＠ at gpt was 
analysed only with UV -A irradiation for 5 min. There was a concentration-dependent 
increase in tnutant frequency from 2 - 11. 7x over the negative control with a concomitant 
decrease in relative cell growth. It is difficult to assess the relative sensitivity of the 
SCGE assay and mutation assay in this study based on fold increases since only one 
concentration of 8-MOP was exan1ined in the SCGE assay and this concentration was not 
evaluated for mutation induction. However, by extrapolating the data frotn the SCGE 
assay and comparing it with the mutagenic response, an estimate of 5 x higher sensitivity 
with mutation at gpt was obtained. In contrast, a synthesised psoralen analog 
(furonaphthopyranone 3) in combination with UV -A inadiation increased tail lengths but 
did not increase mutation induction. Fotmaldehyde induced DNA-protein crosslinks that 
were detected in the SCGE assay as a reduction of gamma radiation-induced DNA 
tnigration (Merk and Speit, 1998). Forn1aldehyde also induced SCE and micronuclei, but 
had no effect on HPRT mutation. The authors suggested that the crosslinks induced by 
formaldehyde were related to cytotoxic and. clastogenic effects but not to the type of 
lesions leading to mutation. 
Several studies including the present work support concordance between responses 
in the SCGE and tnutation assays (Bastlova et al., 1995; Monteith and Vanstone, 1995b; 
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Gichner and Plewa, 1998; Wagner et al., 1998a; Wagner et al., 1998b; Gichner et al., 
1999). Styrene-7 ,8-oxide (SO) was investigated in hutnan lymphocytes in vitro for its 
mutagenic activity or ability to cause DNA strand breaks (Bastlova et al., 1995). With 
exposures for either 24 h (0 - 0.6 n1M) or 6 days (0 - 0.2 mM), there was a slight increase 
in the mutant frequency at HPRT with a n1axitnum fold increase of over 6-fold. DNA 
strand breaks were tneasured with the SCGE assay after a 1 hour exposure to SO (0- 0.1 
mM). The tail lengths increased in a concentration-dependent manner with a tnaximum 
fold increase of approxitnately 8-fold (Bastlova et al., 1995). Only one concentration was 
identical in both the SCGE and tnutation assays. Based on fold increases over their 
respective controls with 0.1 mM SO, the SCGE assay was approximately 2.5- 3.5x more 
sensitive than tnutation induction if the different treatlnent times are not taken into 
accotmt (1 h for the SCGE assay and 24 h or 6 days for the tnutation assay). If the data are 
norn1alised to a fold increase on an hourly basis to account for the different treatment 
times, the SCGE assay was 143 x more sensitive thantnutation induction. 
Few studies have cotnpared responses in the SCGE assay with mutation induction 
specifically within the same cell line or organism and under identical treatment 
conditions. Although the SCGE assay was not opthnised, benzo[ a ]pyrene (BP) induced 
2.1 x and 2.8x increase over the control migration length in V79 Chinese hatnster cells 
(Monteith and Vanstone, 1995b). With the same concentrations ofBP, a 5.5x and 76.6x 
increase in HGPRT mutants was observed over the tnutation frequency of the control. 
Based on fold increases over the respective control, n1utation induction was approxitnately 
3 - 27x tnore sensitive than tnean DNA migration length in the SCGE assay (Montei.th 
and Vanstone, 1995b ). The induction of point mutations and damage detected with the 
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SCGE assay by EMS were investigated using leaves of tobacco plants with identical 
concentrations and treattnent titnes (18 h) (Gicln1er and Plewa, 1998). Both assays 
displayed similar sensitivity based on fold increases over their respective controls. At the 
lower EMS concentrations ( 1 and 2 mM) the SCGE assay was 1.1 - 1. 7 x more sensitive; 
with concentrations of 4 mM and greater, tnutation was 1.2 - 1.6x n1ore sensitive. In a 
similar study with longer exposure times (24 h), EMS and other alkylating agents were 
analysed (Gichner et al., 1999). A different pattern etnerged with longer exposure thnes. 
With damage inflicted by EMS (0.5 - 4 mM), mutation induction was 2.1 - 4.4x tnore 
sensitive based on fold increases. Mutation induction was also tnore sensitive than the 
SCGE assay with N-tnethyl-N-nitrosourea (MNU) (1.7- 2.2x) and to a lesser degree with 
N-ethyl-N-nitrosourea (ENU) (1.5x with the lowest concentration). Methyl 
n1ethanesulphonate (MMS) exhibited a bitnodal response. At low MMS concentrations 
(50 and 100 J.!M) the SCGE assay was slightly tnore sensitive (1.4x); with concentrations 
of200 JlM and above, mutation was 1.3 - 1.8x more sensitive. In an earlier study using 
an isolated CHO clone, both assays displayed sitnilar sensitivity based on fold increases 
(Wagner et al., 1998a). With low concentrations of EMS (2 and 4 mM, 2-h treatment 
exposure) mutation induction was 1.1 - 1.4x more sensitive, whereas with higher 
concentrations (6 and 8 tnM) the SCGE assay was slightly tnore sensitive (1.2- 1.3x). 
With a more extended data set frotn the current study, with the isolated CHO clone 11-4-
8, the SCGE assay was more sensitive at abnost all concentrations of EMS exatnined (1.1 
- 4x, 2- 8tnM) (Wagner eta!., 1998b). Because of the toxicity of2AAAF and UV in the 
n1utation assay (Section4.4.5), only two concentrations of2AAAF and three doses ofUV 
were identical in the SCGE and tnutation assay. With 2AAAF, the SCGE assay was 1.4 
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- 1.6x more sensitive. With UV, mutation induction was more sensitive at 63 and 100 
erg/nun2 (1.3 and 2.4x); with 210 erg!tnm2 the SCGE and mutation assays were equally 
sensitive (11.6x increase and 11 x increase over controls, respectively). The comparative 
relative sensitivities of the SCGE assay and mutation assays based on fold increases are 
summarised in Table 5-3. 
5.4.5.2 Relative sensitivity of the SCGE assay and mutation induction based on 
genotoxic index values 
Another technique to compare relative sensitivity is to determine an average genotoxic 
index value for each concentration tested. This approach is valid if the organistn or cell 
line is exposed to the tnutagen tn1der identical conditions for both assays although the 
concentrations need not be identical. The average genotoxic index was determined by 
subtracting the negative control response frotn the response at each mutagen concentra-
tion. These values were divided by the corresponding tnutagen concentration for the 
specific treatment group and the average of the values was determined. This generated a 
genotoxic index value in the forn1 of the induced response in either assay which was 
nonnalised for concentration. In this mrumer, the data fron1 a number of papers were 
extrapolated, converted to a genotoxic index value and were cotnpru·ed. Although the 
SCGE assay was not optimised, benzo[ ex ]pyrene (BP) induced increases in both migration 
length and mutation induction in V79 Chinese hmnster cells (Monteith and Vanstone, 
1995b ). When notmalised for concentration, BP induced an increase in migration length 
of 16.4 (SCGE genotoxic index value) and 39.25 HGPRT n1utants/l06 cells (mutation 
genotoxic index value). 
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Table 5-3. Comparative sensitivity of the SCGE assay and mutation induction based on fold increases. 
Citation Cell Line or Chemical Mutagen Treatment Assay with Relative Response 
Organism Conditions Greatest 
Sensitivity 
Muller et al., 1996 L5178Y cells Danthron Concentration Mutation at tk locus 1.1 x (based on one 
identical, treatment concentration) 
time different 
MUller et al., 1996 L5178Y cells Aloe-emodin Concentration Mutation at tk locus 1.3 x (based on one 
identical, treatment concentration) 
time different 
Hanelt et al., 1997 Human fibroblasts (±)-anti-BPDE Concentrations and SCGE assay 1.5- 3.5x 
treatment times 
identical 
Adam et al., 1997 CHO AS52 cells 8-MOP plus UV-A Concentration Mutation at gpt 5 x (based on one 
different, treatment concentration) 
times identical 
Bastlova et al., Human lympho- Styrene-7,8-oxide Concentration SCGE assay 2.5- 3.5x 
1995 cytes identical, treatment (based on one con-
time different centration) 
Monteith and V79 Chinese ham- Benzo [ex ]pyrene Concentrations and Mutation at hgprt 3 -27x 
Vanstone, 1995b ster cells treatment times 
identical 
---·-
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Table 5-3. Comparative sensitivity of the SCGE assay and mutation induction based on fold increases. 
Citation Cell Line or Chemical Mutagen Treatment Assay with Relative Response 
Organism Conditions Greatest 
Sensitivity 
Gichner and Plewa, Tobacco plants EMS Concentrations and SCGE assay at low 1.1 - 1.7x 
1998 treatment times concentrations, 
identical somatic mutation in 1.2- 1.6x 
leaves at higher 
concentrations 
Gichner et al., 1999 Tobacco plants EMS Concentrations and Somatic mutation 2.1- 4.4x 
treatment times 
identical 
Gichner et al., 1999 Tobacco plants MNU Concentrations and Somatic mutation 1.7-2.2x 
treatment times 
identical 
Gichner et a!., 1999 Tobacco plants ENU Concentrations and Somatic mutation 1.5 x (based on one 
treatment times concentration) 
identical 
Gichner et al., 1999 Tobacco plants MMS Concentrations and SCGE assay at low 1.4x 
treatment times concentrations, 
identical somatic mutation in 1.3- 1.8x 
leaves at higher 
concentrations 
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Table 5-3. Comparative sensitivity of the SCGE assay and mutation induction based on fold increases. 
Citation Cell Line or Chemical Mutagen Treatment Assay with Relative Response 
Organism Conditions Greatest 
Sensitivity 
Wagner et al., CHO AS 52 cells, EMS Concentrations and Mutation at gpt at l.l-1.4x 
1998a clone 11-4-8 treatment times low concentrations, 
identical SCGE assay at 1.2- 1.3x 
higher concentra-
tions 
Wagner et al., CHO AS52 cells, EMS Concentrations and SCGE assay 1.1- 4x 
1998b (and present clone 11-4-8 treatment times 
work) identical 
Wagner et al., CHO AS52 cells, 2AAAF Concentrations and SCGE assay 1.4- 1.6x 
1998b (and present clone 11-4-8 treatment times 
work) identical 
Wagner et al., CHO AS52 cells, uv Concentrations and Mutation at gpt at 1.3- 2.4x 
1998b (and present clone 11-4-8 treatment times low doses, 
work) identical SCGE and mutation Same 
equally sensitive at 
higher doses 
--
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Based on these index values, the mutation assay was 2.4x more sensitive than the SCGE 
assay. Two studies that employed the srune cell line were used to calculate the genotoxic 
index values induced by the reactive tnetabolite ofBP, (±)-anti-BPDE. From these two 
papers the SCGE assay was approxhnately 3 - 9x more sensitive than the mutation assay 
(Hanelt et al., 1997; Speit et al., 1996). CHO AS52 cells were incubated with 8-
nlethoxypsoralen (8-MOP) and exposed to UV-A irradiation (Adam et al., 1997). The 
SCGE genotoxic value was calculated frotn the one concentration tested; 8-MOP and 
UV -A induced an increase of 5 SCGE tail lengthlj.!M. The n1utation genotoxic index 
value was 46.4 induced gpt tnutants/1 06 cellshtM. Mutation at gpt was 9x tnore sensitive 
than the SCGE assay. The data ofGichner atld Plewa (1998) were convetted to average 
genotoxic indices of 8.4 induced tail moments/nlM EMS and 3.2 induced mutations/mM 
EMS. Based on this type of compru·ison, the SCGE assay is 2.6x more sensitive. This 
approach has also been used to establish a ratllc order of the genotoxic potency of 
alkylating agents (Giclmer et al., 1999). The SCGE genotoxic index values were 1099, 
244.9, 99.6 and 18 for MNU, MMS, ENU and EMS, respectively. The mutation 
genotoxic index values were 385.6, 50.6, 59 and 6.5 for MNU, MMS, ENU and EMS, 
respectively. The SCGE assay displayed higher sensitivity with all alkylating agents, 2.8x 
withMNU, 4.8x withMMS, 1.7x withENU atld2.8x with EMS. Genotoxic index values 
were calculated from the results of EMS-induced damage in CHO cells (Wagner et al., 
1998a). The genotoxic index values were 1.9 induced tail motnents/mM EMS and 67.6 
induced gpt mutants/1 06 cells/nlM EMS. Under these conditions this tnutation assay 
exhibited 35x more sensitivity than the SCGE assay. The data frotn the present work 
were used to calculate genotoxic index values for each of the three mutagens used. The 
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genotoxic index values were 1.85 induced tail moments/mM EMS and 64.9 induced gpt 
n1utants/1 06 cells/mM EMS. The mutation assay displayed the identical higher sensitivity 
over the SCGE assay as in the previous work (35x). With 2AAAF, the average genotoxic 
index values were 0.073 induced tailtnoments/nM and 0.558 induced gpt mutants/106 
cells/nM. The tnutation assay was only 7.6x more sensitive than the SCGE assay with 
2AAAF. With UV, the average genotoxic index values were 0.029 induced tail 
moments/erg/mm2 and 4.88 induced gpt mutants/1 06 cells/erg/mtn2 • The mutation assay 
was tnuch more sensitive to the effects ofUV treattnent than the SCGE assay (168 x ). The 
comparative relative sensitivity of the SCGE assay and mutation assays based on 
genotoxic index values are stumnarised in Table 5-4. 
Table 5-4. Comparative sensitivity of the SCGE assay and 
mutation induction based on genotoxic index values. 
Citation Assay with Greatest Relative Response 
Sensitivity 
Monteith and Vanstone, Mutation at hgprt 2.4x 
1995b 
Speit et al., 1996; SCGE assay 3- 9x 
Hanelt et al., 1997 
Adam et al., 1997 Mutation at gpt 9x 
Gichner and Plewa, 1998 EMS, SCGE assay 2.6x 
Giclmer et al., 1999 EMS, SCGE assay 2.8x 
MNU, SCGE assay 2.8x 
ENU, SCGE assay 1.7x 
MMS, SCGE assay 4.8x 
Wagner et al., 1998a Mutation at gpt 35x 
Wagner et al., 1998b (and EMS, tnutation at gpt 35x 
present work) 2AAAF, mutation at gpt 7.6x 
UV, tnutation at gpt 168x 
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5.4.5.3 Relative sensitivity of the SCGE assay and 1nutation induction based on 
lowest concentration that elicits a statistically significant response 
Another approach to meastu·e relative sensitivity was to compare the lowest 
concentration of agent that induced a statistically higher genotoxic response than the 
respective control for each assay. When the induction of point mutation and the SCGE 
assay were compared using leaves of tobacco plants, the identical concentration of EMS 
(2 mM, 18 h expostu·e tilne) caused a statistically significant increase in both endpoints 
(Gicln1er and Plewa, 1998). In a subsequent study etnploying longer exposure times (24 
h), 1 mM EMS was the lowest concentration that induced statistically significant 
increases in both the SCGE assay and in mutation (Gichner et al., 1999). Therefore, the 
SCGE assay and mutation induction had equal sensitivity following EMS-induced 
damage. MNU, ENU and MMS were analysed in the same study. The same concentration 
of MNU or ENU caused statistically significant increases in both the SCGE assay and 
tnutation induction (20 J.!M and 100 J.!M, respectively). Concentrations of 50 J.LM MMS 
induced a statistically significant increase in the SCGE assay, while a concentration of 
1 00 J.!M was required for a significant increase in somatic mutation induction. Thus, the 
SCGE assay and mutation induction had equal sensitivity with MNU and ENU and the 
SCGE assay was twice as sensitive as the tnutation assay with MMS in the tobacco 
plants. In an earlier study using CHO cells, EMS induced a statistically significant 
increase in the tail motnent values with 4 tnM (Wagner et al., 1998a). There was a 
significant increase in gpt- tnutants with 2 tnM EMS. On the basis of these data, the 
mutation assay was twice as sensitive as the SCGE assay. In the present work, 
212 
statistically significant increases in forward tnutation at gpt and tailtnoment values were 
induced by 2tnM and 8 mM EMS, respectively (Wagner eta!., 1998b), indicating that 
mutation induction is 4x as sensitive as the SCGE assay following EMS-induced dan1age. 
There was a significant increase over the control with 50 nM 2AAAF in the mutation 
assay and with 200 nM 2AAAF in the SCGE assay thus, mutation induction displayed 
4 times more sensitivity based on 2AAAF concentration. With UV, there were 
statistically significant increases in n1utation with 21 erg/mn12 and increases in the tail 
moment with 210 erg/mn12 UV. With UV, the mutation assay was 10 tin1es more 
sensitive than the SCGE assay. The cotnparative relative sensitivity of the SCGE assay 
and mutation assays based on the lowest concentration causing a statistically significant 
response is summarised in Table 5-5. 
Table 5-5. Comparative sensitivity of the SCGE assay and 
mutation induction based on the lowest concentration inducing a 
statistically significant response. 
Citation Assay with Greatest Relative Response 
Sensitivity 
Gichner and Plewa, 1998 EMS, equal sensitivity Same 
Gichner et al., 1999 EMS, equal sensitivity San1e 
MNU, equal sensitivity Srune 
ENU, equal sensitivity San1e 
MMS, SCGE assay 2X 
Wagner et al., 1998a Mutation at gpt 2x 
Wagner et al., 1998b EMS, n1utation at gpt 4x 
(and present work) 2AAAF, mutation at gpt 4x 
UV, n1utation at gpt lOx 
213 
L__ ________________ -- - -
5.4.6 Relative Sensitivity of the SCGE Assay, Flow Cytometry and 
Mutation Induction 
The same approaches used to cotnpare the relative sensitivity of the SCGE assay with 
n1utation assays in the previous section (Section5.4.5) were etnployed for a comparison 
of the relative sensitivity of the SCGE assay, flow cytometry and mutation induction. 
5.4.6.1 Comparison of the relative sensitivity of the three genetic assays based on 
fold increase over the respective control 
One lin1itation of the cotnparison of relative sensitivity with a fold-increase approach 
is that of the physicallinuts of the measured biological endpoints. There are botmdaries 
to the extremes that can be detected, limits imposed by the technology necessary to 
perfonn the assay or by the amount of DNA or cellular damage that can be tolerated. In 
the literature, with flow cytotnetric analysis of CV values with known genotoxins, the 
largest fold increase over control CV values was 2.75x. This increase was frotn an in vivo 
study of rats exposed to triethylenemelamine (Bickhrun et al., 1994). Although 
statistically significant, tnaximum fold increases in the CV values of the lru·gest 
chromosome were only 1.3x (EMS), 1.4x (MMS), 1.4x (N-methyl-N'-nitro-N-
nitrosoguanidine, MNNG), ru1d 1.4x (X-rays) in a Chinese hamster cell line (Otto and 
Oldiges, 1980). The maximum fold increase in the CV value of the G1 peak was 1.6x in 
bone tnru·row cells oftnice exposed to X-rays (Otto and Oldiges, 1980). 
The maxitntun fold increases in the current study for the flow cytometry analysis 
were 2.3x, 2.Ix, and 1.7x with 2AAAF, EMS, and UV, respectively (Figure 5-3). An 
analysis was conducted with the data presented in Figtu·es 5-1,5-2 ru1d 5-3. With 2AAAF 
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the SCGE assay was 2.6- 11.7x n1ore sensitive than flow cyt01netry and 1.4- 1.6x more 
sensitive than mutation induction. The SCGE assay was slightly more sensitive than flow 
cytometry with EMS (1.1 - 2.1 x) and 1nore sensitive than mutation induction (1.1 - 4x). 
Due to the low tnaximum fold increase of the CV value with UV (1.7x), the SCGE assay 
was n1uch more sensitive than flow cytotnetry (3.8- 19.5x). The mutation assay was 
slightly tnore sensitive than the SCGE assay at low doses. Both of these assays had equal 
sensitivity at higher doses. The cotnparative relative sensitivity of the SCGE assay, flow 
cytotnetry and mutation assays based on fold increases are sun1marised in Table 5-6. 
5.4.6.2 Comparison of the relative sensitivity of the three assays based on genotoxic 
index values 
The genotoxic index values were calculated with data frotn flow cytotnetry. With 
2AAAF, the average genotoxic index value was 0.0026 induced CV/nM. The concentra-
tion range for this analysis was 25 - 800 nM. This value was compared with the 
genotoxic index value for the SCGE assay (0.073 induced tail motnents/nM, 50- 800 
nM). Based on this method, the SCGE assay was 28x tnore sensitive than flow 
cytometry. When con1pared with the genotoxic value for mutation induction, the 
mutation assay was approximately 215 x more sensitive than flow cytometry in detecting 
damage induced by 2AAAF. With EMS ( 4 - 20 mM), the genotoxic index value from 
flow cytometry was 0.0763 induced CV/tnM. When compared with the value for the 
SCGE assay (1.85 induced tail moments!tnM), the SCGE assay was 24x more sensitive 
than flow cytometry. 
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Table 5-6. Comparative sensitivity of the SCGE assay, flow cytometry and mutation induction based on fold 
increases (Fl), genotoxic index values (Gl), and the lowest statistically significant concentration (SSC). 
Mutagen Assay with Relative Assay with Relative Assay with Relative 
Greatest Response Greatest Response Greatest Response 
Sensitivity (FI) Sensitivity (GI) Sensitivity 
(SSC) 
2AAAF SCGE 1.4- 1.6x more Mutation 7.6x more Mutation 4x more 
sensitive than sensitive than sensitive than 
mutation, 2.6 - SCGE, 215x SCGE, 8 x more 
11.7x more more sensitive sensitive than 
sensitive than than flow flow cytometry 
flow cytometry cytometry 
EMS SCGE 1.1- 4x more Mutation 35x more Mutation 4x more 
sensitive than sensitive than sensitive than 
mutation, 1.1 - SCGE, 850x SCGE, 5 x more 
2.1x more more sensitive sensitive than 
sensitive than than flow flow cytometry 
flow cytometry cytometry 
uv Mutation at low 3.8- 19.5x more Mutation 168x more Mutation lOx more 
doses, equal sensitive than sensitive than sensitive than 
sensitivity of flow cytometry SCGE, 1877x SCGE, no SSC 
SCGEand more sensitive for flow 
mutation at than flow cytometry 
higher doses cytometry 
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The tnutation assay was 850x more sensitive than flow cytometry in detecting damage 
induced by EMS. The genotoxic index values for UV were 0.0026 induced CV/erg/mm2, 
0.029 induced tai11noments/erg/rmn2, and 4.88 induced gpt mutants/ I 06 cells/erg/mm2 for 
flow cyto1netry, the SCGE assay and mutation induction, respectively. The SCGE assay 
was 11.2x n1ore sensitive and the tnutation assay was 1877x more sensitive than flow 
cytometry for UV -induced damage. The cotnparative relative sensitivity of the SCGE 
assay, flow cyto1netry, and mutation assays based on genotoxic index values are 
swnmarised in Table 5-6. 
5.4.6.3 Comparison of the relative sensitivity of the three assays based on statistically 
significant concentrations 
Statistically significant increases in CV values of the G1 peak were obtained with 400 
nM 2AAAF. There were significant increases in the mutation assay with 50 nM 2AAAF 
and in the SCGE assay with 200 nM 2AAAF. Mutation induction demonstrated 8x higher 
sensitivity than flow cyto1netry, while the SCGE assay exhibited 2x higher sensitivity 
based on 2AAAF concentration. Flow cytometry analysis displayed a statistically 
significant increase in CV values of the G1 peak over the control with 10 mM EMS, 
whereas, significant increases in forward tnutation at gpt and tail moment values were 
induced by 2 111M and 8 111M EMS, respectively. The mutation assay was 5x more 
sensitive than flow cytometry in detecting EMS-induced damage. Flow cytotnetry and the 
SCGE assay had similar sensitivity based on EMS concentration (10 mM and 8 111M, 
respectively). Since flow cytotnetry was insensitive to UV, no comparative quantitative 
meastu·e could be calculated. The comparative relative sensitivity of the SCGE assay, flow 
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cytometry, and tnutation assays based on the lowest concentration inducing a statistically 
significant response is summarised in Table 5-6. 
5.4.6.4 Summary of methods to compare assay sensitivity 
Table 5-6 swnmarises the sensitivity of the three assays when calculated by an 
approach employing a fold increase in response, genotoxic index values, or lowest 
concentration inducing a statistically significant response. There was tnuch variation 
obtained by these different tnethods, though there were some general trends. The assay 
that was the most sensitive using genotoxic index values was also the assay with the 
highest sensitivity using the concentration inducing a statistically significant response. 
This was also the result with MMS (Tables 5-4 and 5-5) (Giclmer et al., 1999). With 
2AAAF, mutation was 7.6x tnore sensitive than the SCGE assay with genotoxic index 
values but only 4x more sensitive using statistically significant concentrations. The 
difference was greater with EMS (35x tnore sensitive with genotoxic index values, 4x 
more sensitive with statistically significant concentrations) and with UV (168 x more 
sensitive with genotoxic index values, 1 Ox tnore sensitive with statistically significant 
concentrations). With MMS, the SCGE assay was 4.8x tnore sensitive with genotoxic 
index values and 2x more sensitive with statistically significant concentrations (Tables 
5-4 and 5-5). 
Based on fold increase in response, the assay with the highest sensitivity was not the 
same as that calculated by genotoxic index values nor by statistically significant 
concentrations. The SCGE assay was the n1ost sensitive to 2AAAF- and EMS-induced 
drunage based on fold increases. At low doses of UV, tnutation was n1ore sensitive; the 
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SCGE assay and n1utation were equally sensitive at higher doses. The degree of difference 
between the two assays was also n1uch lower based on fold increases. The SCGE assay 
was only 1.4 - 1.6x more sensitive than mutation with 2AAAF and 1.1 - 4x more 
sensitive with EMS. This pattern was observed with EMS, MNU and ENU (Gichner et 
al., 1999). Based on fold increase, mutation was 1nore sensitive than the SCGE assay. 
When based on genotoxic index values, however, the SCGE assay was n1ore sensitive 
(Tables 5-3 and 5-4). These authors did not use genotoxic index values in this manner, 
rather the values were used to establish a comparison of the rank order of four alkylating 
agents. 
There are lilnitations to each approach in identifying the assay with the highest 
sensitivity. In the review of the literature, the choice of cell line, 1nutagen, and treatlnent 
protocol influenced the outcome and subsequent comparison of sensitivity. It was not 
clear whether the assays were perfonned under optimal conditions. The approach of 
comparison based on fold increase in response was the easiest to glean from the manner 
in which data were presented in the literature. However, the fold increase approach 
required identical concentrations in both assays and did not include any threshold or 
plateau effect of the chemical. The genotoxic index value elhninated the need for identical 
concentrations since the data were nonnalised for each concentration examined. If a wide 
concentration range of the 1nutagen was incorporated in the experhnental design, any 
threshold or plateau effect of the chemical would be included in the results. One limitation 
of the genotoxic index value was that it was based on an induced response. There were 
severe lhnits in the increase of CV values in flow cytometric analysis. ｔｬｾ･＠ maximum fold 
increase in the current study was 2.3x, 2.1x, and 1.7x with 2AAAF, EMS, and UV, 
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respectively. Based on genotoxic index values, the n1utation assay was 215x, 850x and 
1877 x more sensitive than flow cytometry in detecting drunage induced by 2AAAF, EMS 
and UV, respectively. The sensitivity of flow cyto1netry could be underestimated by this 
method. This ooderestimation of sensitivity 1night be attributed to the runount of dan1age 
that can be tolerated and 1nanifested in flow cyton1etric analysis. 
A third approach was to con1pare the lowest concentration of agent that induced a 
statistically significant response than the respective control for each assay. This method 
was also highly dependent on the experhnental design and required identical concentra-
tions. There were few papers in the literature where this statistical information was 
presented. Clearly 1nuch 1nore work is needed for a n1ore precise comparison of these 
three approaches to compru·e the relative sensitivity of these three genetic assays that 
1neasure such diverse endpoints. 
5.4. 7 Levels of Correspondence Between the Endpoints of the Three 
Genetic Assays 
A final approach to compare the three genetic assays was based on detennination of 
the level of correlation using the Pearson Product Moment Correlation test. This test was 
more qualitative than quantitative and analysed the relationship between a pair of 
vru·iables for a trend for both variables to increase together. 
In the present study with 2AAAF, there was a high conespondence between the SCGE 
assay and forward 1nutation. The Peru·son product n1oment correlation between the tail 
n1oment and tlte nmnber of gpt n1utants was r = 0.99, P ｾ＠ 0.002. There was also a high 
correspondence between the SCGE assay and flow cytometry. The Pearson product 
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n1oment correlation for the tail mon1ent and CV was r = 0.87, P ｾ＠ 0.011. There was no 
significant correlation between flow cytometry and forward mutation, r = 0.96, P = 0.184. 
A shnilar response was observed with EMS, a high correspondence between the 
SCGE assay and fotward mutation and also between the SCGE assay and flow cytotnetry. 
The Pearson product mon1ent correlation between the tail moment and the nmnber of 
EMS-induced gpt 1nutants was r = 0.86, P ｾ＠ 0.006. The Pearson product moment 
conelation for the tailtnoment and CV was r = 0.97, P ｾ＠ 0.001. There was no significant 
correlation between flow cytometry and forward mutation, r = 0.80, P = 0.058. In a 
different study, a very high correspondence was repotied between the SCGE assay and 
the induction of point mutation in plants exposed to the alkylating agents, EMS, MMS, 
ENU and MNU. The conelation r values ranged frotn 0.96- 0.99 (Giclmer et al., 1999). 
UV exhibited a different patte1n of cotTelation than 2AAAF or EMS. Only the SCGE 
assay and flow cytotnetry were correlated, r = 0.81, P ｾ＠ 0.028. There was no significant 
correlation between flow cytotnetry and forward tnutation (r = 0.85, P = 0.148) and 
similarly no significant correlation between the SCGE assay and forward 1nutation (r = 
0.75, P = 0.253). The levels of correspondence based on Pearson product moment 
correlations are smnn1arised in Table 5-7. 
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Table 5-7. Comparative sensitivity of the SCGE assay, flow 
cytometry and mutation induction based on Pearson product 
moment correlation. 
Mutagen Genetic Assays Pearson product 
moment correlation 
2AAAF SCGE and flow r = 0.87, P ｾ＠ 0.011 
cytometry 
SCGE and mutation r = 0.99, P ｾ＠ 0.002 
mutation and flow r = 0.96, P = 0.184 
cytotnetry 
EMS SCGE and flow r = 0.97, P ｾ＠ 0.001 
cytotnetry 
SCGE and mutation r = 0.86, P ｾ＠ 0.006 
tnutation and flow r = 0.80, P = 0.058 
cytotnetry 
uv SCGE and flow r = 0.81, P ｾ＠ 0.028 
cytometry 
SCGE and tnutation r = 0.75, P = 0.253 
mutation and flow r = 0.85, P = 0.148 
cytotnetry 
5.5 Conclusions 
An isolated clone of the CHO AS52 cell line was analysed under identical treatment 
conditions with the tnutagens 2AAAF, EMS and UV. The genetic endpoints included 
acute DNA drunage as detected in the alkaline single cell gel electrophoresis (SCGE) 
assay, whole cell clastogenicity as detected with laser beam flow cytometry and forward 
tnutation at a specific gene tru·get. V ru·iations of the intragenomic distribution of DNA 
datnage for each mutagen were expressed in the SCGE assay. A non-randotn or non-
uniform distribution of DNA damage was indicated with the chemical mutagens. For the 
chen1ical mutagens, the kinetics of the induction of genetic damage were similar across 
these three assays. However, for UV, the induction kinetics of gpt mutation differed fron1 
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that expressed by SCGE and flow cytotnetry analysis. With the chetnical mutagens, 
2AAAF and EMS, there was a high conelation between the SCGE assay and the forward 
mutation assay and also between the SCGE assay and flow cytometry. There was no 
significant correlation between flow cytmnetry and forward mutation. With UV, only the 
SCGE assay and flow cytotnetry were correlated. 
Different approaches were etnployed to meastll'e relative sensitivity an1ong the three 
assays. Based on fold increase in response, the SCGE assay was the most sensitive to 
2AAAF- and EMS-induced damage. At low doses of UV, mutation induction was more 
sensitive; the SCGE assay and mutation induction were equally sensitive at higher doses. 
These results were different from those obtained with approaches based on genotoxic 
index values and on the lowest concentration that induced a statistically significant 
response. Using these two approaches the tnutation assay was the most sensitive. Thus, 
using an isolated clone of 1namn1alian cells under identical treatlnent regimens, the 
relative sensitivity of assays measuring acute DNA damage, whole cell clastogenicity and 
forward n1utation induction varied with the different tnutagens in the experimental design 
and with the different approaches used to interpret and compare these responses. 
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CHAPTER6 
ANTIMUTAGENIC ACTIVITY OF 
A COMMERCIAL SOYBEAN 
PROCESSING BY-PRODUCT 
6.1 Introduction 
Cancer is a disease primarily initiated by DNA dan1age (Weinberg, 1985). Age 
adjusted U.S. cancer incidence rates have steadily increased yet the tnedical community 
has not focussed on cancer prevention (Epstein, 1990; Beardsley, 1994). One approach 
to reduce the rate of cancer incidence is to increase the public consumption of antimuta-
gens and anticarcinogens obtained frotn agronotnic crops. Soybean is one of the major 
agronon1ic products of the United States. In 1996 the U.S. produced 2.4 billion bushels 
(6.5x1010 kg) of soybeans and processed 1.4 billion bushels (3.8x1010 kg) (Soy Stats, 
1997). Isoflavones, protease inhibitors and some antioxidants fotnld in soybeans have 
been reported to reduce the potency of mutagens or n1odulate the induction of tutnours in 
experimental animals (Messina et a/., 1994a; Knight and Eden, 1996; Steinmetz and 
Potter, 1996; Kurzer and Xu, 1997). Although health benefits and anticancer properties 
of soybean have been reported, no systematic analysis of an agronomic crop for cancer 
chemoprotective agents using tnolecular biological techniques has been conducted 
(Messina eta/., 1994b ). 
Research in this laboratory has focussed on commercial processing products of crops 
such as maize, soybean, and rice as sotu·ces of antimutagens. The tetm antimutagen refers 
to any agent that can repress the genotoxic potency or activity of specific chemical 
tnutagens or carcinogens (De Flora et al., 1993). The alkaline single cell gel electrophore-
sis assay (SCGE) and laser bean1 flow cytometry were proposed as two methods to 
systetnatically analyse soybean processing by-products for their ability to repress the 
induction of DNA strand breaks and clastogenic damage after exposure to carcinogens 
(Plewa et al., 1998). One unique aspect of this research on antimutagenesis with 
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n1amtnalian cells was the employtnent of these two n1ethods that detect different 
endpoints of damage, acute DNA drunage in individual nuclei with the SCGE assay or 
long-tern1 clu-omosomal damage with flow cytometry. The SCGE assay and flow 
cytotnetry were calibrated and compared with the induction of forwru·d mutation in an 
isolated clone of Chinese han1ster ovary (CHO) cells with two chemicaltnutagens, 2-
acetoxyacetylaminofluorene (2AAAF) and ethyl methanesulphonate (EMS), and the 
physicaltnutagen, ultraviolet radiation (UV). This work was presented in Chapters 4 and 
5. The objectives of this research were to exanline the antimutagenic activity in cultured 
mam1nalian cells or human lytnphocytes of chemically defined fractions isolated from 
a commercial soybean processing by-product. 
6.2 Materials and Methods 
6.2.1 Materials 
The materials used in each assay have been described in Section 2.1. The tnammalian 
cell lines were described in Section 2.1. Cotnmercial soybean processing by-product, 
"soybean molasses" (SBM) and an ethanol extract of SBM refeiTed to as "phytochemical 
con1plex (PCC) were originally provided by Dr. Eric Gugger at the Archer Daniel 
Midlands Company, (Decatur IL, USA). Subsequent chemical fractions of PCC were 
provided by Dr. Mru·k Berhow at the USDA/ ARS (Peoria IL, USA). 
6.2.2 Methods 
The procedures for the SCGE assay, laser berun flow cytometric ru1alysis, the fotwru·d 
mutation assay, and the soybean fractionation procedures were described in Sections 
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2.2.1, 2.2.2, 2.2.3 and 2.2. 5. The analysis of soybean fractions for antilnutagenic activity 
was described in Section 2.2.6. The che1nical fractionation and characterisation of PCC 
were conducted by Dr. Mark Berhow at the USDA/ ARS (Peoria IL, USA); the procedures 
were described in Sections 2.2.5.2 and 2.2.5.3. The laser berun flow cytometric studies in 
this chapter were perfonned by colleagues in Dr. A. L. Rayburn's laboratory (Depmtment 
of Crop Sciences, University of Illinois at Urbana-Chmnpaign, Urbana IL, USA). 
6.2.2.1 Statistical analysis 
For the SCGE assay, the slide was used as the unit of Ineastue rather thru1 the cell 
(Lovell et al., 1999). Fron1 the repeated experiments, the median tail mon1ent values 
obtained frotn each SCGE slide were norn1ally distributed based on the centrallhnit 
theoren1 (Box et al., 1978). The averaged mediru1 tail motnent value obtained from 
repeated experitnents was used with a one-way analysis of variru1ce test. The null 
hypothesis was rejected if a significru1t F value of ｐｾＰＮＰＵ＠ was obtained. In such cases, a 
Dunnett's tnultiple cotnparison versus the control group m1alysis was conducted. In all 
cases, the power of the test statistic (p) was ｾＰＮＸ＠ at a=0.05. The data obtained from the 
forwm·d tnutation (gpt) experiments were also evaluated using analysis of vm·iru1ce under 
the satne conditions for the test statistic as outlined above. 
6.3 Results 
6.3.1 Concentration Response Analysis of2AAAF 
The relationship between acute DNA drunage in the SCGE assay and longer-tenn 
clastogenic damage with flow cytometric analysis was compm·ed in Chinese hrunster lung 
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(CHL) cells following a 2 h treattnent of 2AAAF. Within the concentration range of 
200·- 800 nM, 2AAAF induced an increase in the median SCGE tailtnoment values 
frotn 0.094!ln1 for the negative control to 29.78 !lnl with 800 nM 2AAAF (Figtu·e 6-lA). 
With similar concentrations, 2AAAF induced a concentration-dependent increase in 
whole cell clastogenicity (Figure 6-lB), as evidenced by an increase in the coefficient of 
variation (CV) values of the nuclei in the G1 peak. An increase in this parruneter indicated 
an increased vru·iation in the distribution of DNA content per nuclei. These data 
detnonstrated that, at shnilar concentrations, 2AAAF induced genetic damage that 
resulted in direct DNA strand breaks as well as longer tenn clastogenic effects. 
6.3.2 Antimutagenic Analysis of Soybean Molasses and Fraction PCC 
Soybean by-products were analysed for their ability to repress the genotoxic potency 
of 2AAAF. CHL cells were treated with soybean tnolasses or an ethanol extract of 
soybean tnolasses and then were exposed to a known concentration of 2AAAF for 2 h. 
The cells were then washed and hru·vested. Soybean molasses (SBM) is a tru·-like 
substance that is a complex mixture of waste products that results frotn cotnmercial 
soybean processing. SBM was neither cytotoxic nor genotoxic to CHL cells (Figure 6-2). 
However, at 1 n1gltnl, SBM repressed over 66% of the DNA datnaging activity of the 
positive control, 500 nM 2AAAF (Figure 6-2). 
An ethru1ol extract ofSBM (PCC) was prepared (Section 2.2.5.1). CHL cells were 
treated with PCC for 2 h or for 72 h, harvested ru1d analysed for acute toxicity and for 
direct DNA damage using the SCGE assay (Figure 6-3). 
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Figure 6-1. Concentration-response of2AAAF. 
A. Acute DNA damage induced by 2AAAF in CHL cells and measured in the 
SCGE assay (0). Cytotoxicity was measured using the trypan blue vital dye 
method (D). The data were from 2 experiments with 2 replicates per 
experiment. B. Whole cell clastogenicity induced by 2AAAF in CHL cells and 
measured by flow cytometric analysis. The data were from 2 experiments 
with 2 replicates per experiment. 
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Figure 6-2. Antimutagenic analysis of soybean by-product 
SBM or fraction PCC. 
Antigenotoxic activity of a soybean by-product SBM or fraction PCC 
analysed with CHL cells in the SCGE assay (gray bars). The negative 
controls represent cells not exposed to 2AAAF (white bars). The positive 
control was 500 nM 2AAAF (black bar). Acute cytotoxicity (D) was 
determined immediately after the treatment period The error bars represent 
the standard error of the mean of 2 experiments with 2 replicates per 
experiment. 
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Figure 6-3. Analysis of the cytotoxicity and genotoxicity of 
fraction PCC. 
CHL cells were exposed to PCC for 2 h (D) or for 72 h (0). Genotoxicity 
was measured in the SCGE assay. Cytotoxicity was measured using the 
trypan blue vital dye method. 
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No decrease in the percent cell viability was observed in cells treated for 2 h or 72 h with 
PCC in a concentration range frotn 5 - 500 f.tg/ml as compared to control cells. No 
induction of acute DNA drunage was observed in the SCGE tnedian tail moment values 
for all treatment groups (Figure 6-3). Soybean by-product fraction PCC was analysed for 
antimutagenic activity in a concentration range fi·on1 5 - 500 J.tgllnl. The negative control 
(MEM medium) and the PCC control (500 J.tg/ml) were not significantly different (Figure 
6-2). PCC in a concentration range of 5 - 50 f.!g/nll significantly reduced (F7• 16 = 56.65, 
P ｾ＠ 0.001) the genotoxic capacity of 500 nM 2AAAF by 70o/o. PCC concentrations of 50 
ｾｴｧＯｭｬ＠ expressed a comparable reduction in 2AAAF -induced median tailtnmnent values 
as the SBM concentration of 1 mg/ml (Figure 6-2). Based on concentration, PCC 
expressed a 20 fold increase in antilnutagenic efficacy over SBM. The chemoprotective 
characteristics of PCC ru·e illustrated in the digital images presented in Figure 6-4. The 
positive control (500 nM 2AAAF) exhibited extensive DNA strand breaks (Figure 6-4B). 
Cells treated with 500 nM 2AAAF and 500 J.tg/ml PCC (Figure 6-4C) were similar in 
appearru1ce to the negative control CHL cells (Figure 6-4A). 
PCC at concentrations up to 500 J.tg/ml was not toxic to CHL cells after 2 h or 72 h 
exposure (Figure 6-3). A 2 h exposure with CHL cells was used to analyse the ability of 
200 J.tg/ml PCC to repress whole cell clastogenicity induced by 25 - 7 5 nM 2AAAF 
(Figure 6-5). The data indicated that PCC reduced the clastogenic activity of 2AAAF. 
Experhnents were conducted to tneastrre the anthnutagenic activity of PCC in CHO 
cells. The gene tru·get was forwru·d mutation at gpt. Preliminary studies showed that PCC 
(1 0 - 500 J.tg/ml) was not toxic or tnutagenic at the gpt target gene (data not shown). 
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A. A CCD camera digital image showing nuclei from 
negative control CHL cells after electrophoresis in the SCGE 
assay. 
B. A CCD digital image from a nucleus from the positive 
control group (500 nM 2AAAF) showing extensive DNA 
strand breaks as measured by the SCGE assay. 
C. A digital image from a nucleus taken from an 
experimental group ofCHL cells that were treated with 500 
pglml soybean fraction PCC and 500 nM 2AAAF. 
Figure 6-4. Repression of 2AAAF-induced DNA damage in CHL cells by soybean fraction PCC. 
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Figure 6-5. Repression of 2AAAF-induced whole cell clasto-
genicity by PCC. 
2AAAF at a concentration range up to 7 5 nM induced an increase in whole 
cell clastogenic damage as measured by flow cytometry (0). CHL cells 
exposed to 2AAAF and PCC showed a reduction in whole cell clastogenicity 
(e). The results are presented as the mean ± the standard error of 2 
experiments. 
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CHO cells were exposed for 2 h to 500 ｾｧＯｭｬ＠ PCC alone (PCC control), 500 nM 2AAAF 
(positive control), or to 500 nM 2AAAF plus PCC (250 ｾｧＯｭｬ＠ - 1,000 ｾｧＯｭｬＩＮ＠ 2AAAF 
was a potent mutagen inducing 673 gpt- mutants per 106 clonable cells with 48% cell 
sw·vival (Figtu·e ＶｾＶＩＮ＠ When the cells were treated with 250 ｾｧＯｭｬ＠ PCC and with 500 nM 
2AAAF, a significant reduction (F5 , 49 = 78.17, P ｾ＠ 0.001) in the forward mutation 
frequency to 285 gpt- mutants per 106 clonable cells was observed as compared to the 
positive control. Tllis concentration ofPCC also increased the cell sw·vival to 72o/o. At the 
most effective concentration of 500 ｾｧＯｭｬＬ＠ PCC reduced the mutation :fi.·equency to 
approximately double that of the negative control (127 versus 66 gpt- mutants per 106 
clonable cells, respectively) and cotnpletely restored cell survival (Figure 6-6). 
Several batches of soybean PCC were prepared by Dr. Eric Gugger (ADM) over a 17 
month period. These preparations were analysed tmder identical conditions to determine 
if there was a differential antigenotoxic response between the different batches. CHL cells 
were exposed to three different preparations of soybean PCC at a concentration of 500 
ｾｧＯｭｬ＠ with 800 nM 2AAAF for 2 h. These PCC fractions were previously analysed for 
cytotoxicity and genotoxicity in a concentration range from 100 - 500 J.!g/ml and were not 
toxic (data not shown). PCCI, PCC2 and PCC4 significantly reduced the genotoxic 
potency of 2AAAF when cotnpared with the positive control of 800 nM 2AAAF alone 
(Figure 6-7) (F4• 15 = 27.042, P < 0.001). Although each PCC sample significantly reduced 
the genotoxic activity of 2AAAF, PCC2 elicited the greatest reduction. 
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Figure 6-6. Repression of2AAAF-inducedforward mutation 
byPCC. 
Forward mutation was measured in CHO cells exposed to 500 nM 2AAAF 
(black bar) or to 2AAAF and PCC (gray bars). Negative controls of F12 or 
PCC were analysed (white bars). The percent viable cells measured the 
ability of the CHO cells to attach to plates and grow into individual clones 
over a period of 8 days (D). Each treatment group represents the average of 
2 replicates. 
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Figure 6-7. Repression of 2AAAF-induced DNA damage by 
different PCC preparations. 
Antigenotoxic activity of difftrent PCC preparations analysed with CHL cells 
in the SCGE assay (gray bars). The negative control represents cells not 
exposed to 2AAAF (white bar). The positive control was 800 nM 2AAAF 
(black bar). The data were normalised as the percent of the positive control 
(black bar= 1 00%). The error bars represent the standard error of the mean 
of 2 experiments with 2 replicates per experiment. 
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6.3.3 Antimutagenic Analysis of Soybean PCC Fractions 
The fractionation of PCC using C-18 reverse-phase solid phase extraction chrotnato-
graphy was conducted by Dr. Mark Berhow at USDA/ARS and was described in Section 
2.2.5.2. Four fractions of PCC were prepared by elution over a C-18 column. The 
resulting fractions were: Fraction A = PCC 100% water eluate, Fraction B = 70% 
methanol eluate (PCC70), Fraction C = 100% methanol eluate (PCC 1 00), and Fraction 
D = PCC 30% n1ethanol eluate. The fractions were taken to dryness tmder vacuum and 
dissolved in DMSO. Each fi.·action was analysed using the SCGE assay with CHL cells, 
at non-cytotoxic concentrations, for the ability to repress the genotoxic activity of 700 nM 
2AAAF. The cells were treated for 2 hat 37°C under 5% C02 with 700 nM 2AAAF, a 
specific PCC fraction alone or with a PCC fraction plus 2AAAF. The data presented in 
Figure 6-8 is a composite of several experitnents in which the data have been normalised 
as a percentage of the median tail mo1nent response of the positive control (700 nM 
2AAAF). The data indicated that none of the PCC fraction controls induced DNA damage 
to the CHL cells. Each PCC fi.·action repressed the genotoxic potency of 2AAAF. 
However, PCC Fraction C (PCC 1 00) had the greatest level of antigenotoxic activity 
against 2AAAF. 
6.3.4 HPLC Analysis of PCC Fraction B and PCC Fraction C 
Using HPLC analysis techniques, Dr. Mark Berhow at USDA/ARS separated and 
identified soy isoflavones in Fraction B (PCC70) (Figure 6-9A). The HPLC retention 
times of the following compounds were daidzin 21 min, glycitin 22.3 min, genistin 25.2 
min, glyciteit16-0-acetylglucoside 26.8 tnin, glycitein6-0-tnalonylglucoside 27.4 min, 
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daidzein 6-0-acetylglucoside 27.7 min, genistein acetylglucoside 29.2 min, daidzein 6-0-
malonylglucoside 30.1 1nin, genistein acetylglucoside 31.0 1nin, daidzein 32 min, 
glycitein 6-0-tnalonylglucoside 32.5 1nin, genistein ＶｾＰＭｭ｡ｬｯｮｹｬｧｬｵ｣ｯｳｩ､･＠ 33 min, 
glycitein 34 min, and genistein 37.4 min. Standard ctu·ves were prepared with pw·e 
standards of genistein and daidzein (Sigma Chemical Co., St. Louis, MO, USA). 
Dr. Berhow conducted HPLC analysis on Fraction C (PCClOO). The HPLC 
chromatogram of Fraction C (PCC 1 00) resulted in one tnajor and two minor peaks 
in the analytical HPLC systetn with an absorbance maxima at 292 111n (Figure 
ＶｾＹｂＩＮ＠ The PCCl 00 fraction did not contain any identifiable isoflavone peaks. 
6.3.5 Antimutagenic Analysis of Isolated Soybean Isojlavones 
Soybean fi·action PCC70 contained all of the isoflavones isolated fi·otn PCC. Fraction 
PCC70 was a mixture of soybean isoflavones (Figtu·e 6-9A) and it expressed a rather low 
level of antigenotoxic activity (Figtu·e 6-8, PCC Fraction B). 
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Figure 6-8. Repression of 2AAAF-induced DNA damage by PCC fractions. 
The antigenotoxic activity of PCC fractions isolated over a C-18 reverse phase column and assayed with CHL cells in the 
SCGE assay. Fraction A = 100% H20, Fraction B = 70% methanol, Fraction C = 100% methanol, and Fraction D = 30% 
methanol. The data were normalised as the percent of the positive control (black bar= 100%). The negative control and 
the controls for each PCC fraction are illustrated as white bars. The gray bars are expressed as a percentage of the 
positive control. The data represent 2 replicates per treatment group. 
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Figure 6-9. HPLC analysis of soybean fractions PCC70 and 
PCCJOO. 
(A) HPLC chromatograph ofthe PCCfraction elutedfi·om the C-18 column with 
70% methanol, PCC70. (B) HP LC chromatograph of the PCC fraction eluted 
from the C-18 column with 100% methanol, PCC1 00. 
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Soybean isoflavones genistein, daidzin and genistin were isolated and assayed with CHO 
cells for repression against 2AAAF. CHO cells attached to the botton1 of glass vials were 
treated with each isoflavone and 800 nM 2AAAF in a total volume of 500 ｾＱＮ＠ The cells 
were incubated for 2 h. Genistein (100 ｾｧＡｉｮｬＩ＠ with 800 nM 2AAAF induced a significant 
increase in DNA datnage as con1pared to the 2AAAF positive control (Figure 6-1.0). 
However, daidzin and genistin significantly repressed the genotoxic response of 2AAAF 
(F6, 20 = 107.64, P < 0.001). Genistin at concentrations of 50 or 100 ｾｌｧＯｭｬ＠ a11d daidzin at 
a concentration of 100 ｾｧｬｬｮｬ＠ repressed the genotoxicity of 2AAAF and the data showed 
no significant difference atnong these treatment groups and the negative control. These 
experiments were conducted under non-cytotoxic conditions (Figure 6-1 0). 
6.3. 6 Antimutagenic Analysis of Soybean Fraction PCCJ 00 
Soybean :fi:action PCC.1 00 was assayed with CHO cells grown on the bottotn surface 
of 15 mm glass culture vials. The cells were exposed to PCC 100 with and without 800 nM 
2AAAF for 2 h. After.exposm·e the cells were harvested and SCGE slides were prepared 
and analysed. CHO cell cytotoxicity was detennined for each treatment group. The 
negative control at1d the PCC 100 negative control ( 100 ｾｧＯｭｬＩ＠ were not significantly 
different (Figure 6-11). However, the positive control, 800 nM 2AAAF showed a 
significant increase in DNA damage as Ineasm·ed by SCGE 1nedian tail motnent values. 
With PCC 100 -(25 - 100 ｾｧＯｮＱｬＩ＠ there was a significant reduction in the SCGE tail 
moment values when cotnpared with the positive control (F5,26 = 33.57, P < 0.001). In all 
of the treatment groups there was no cytotoxicity (Figm·e 6-11). Thus PCClOO was an 
antimutagen against 2AAAF in both CHL and CHO cells. 
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Figure 6-10. Antimutagenic analysis of isolated soybean 
isojlavones. 
Antigenotoxic activity of the soybean isojlavones daidzin, genistin and 
genistein analysed with CHO cells in the SCGE assay (gray bars). The 
negative controls represent cells not exposed to 2AAAF (white bars). The 
positive control was 800 nM 2AAAF (black bar). The data were normalised 
as the percent of the positive control (black bar= 100%). The error bars 
represent the standard error of the mean of 2 experiments with 2 replicates 
per experiment. Acute cytotoxicity (D) was determined immediately after the 
treatment period. 
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Figure 6-11. Repression of2AAAF-induced DNA damage by 
PCCJOO. 
The antigenotoxic activity of the soybean PCCJ 00 fraction analysed with 
CHO cells in the SCGE assay (gray bars). The negative controls represent 
cells not exposed to 2AAAF (white bars). The positive control was 800 nM 
2AAAF (black bar). The data were normalised as the percent of the positive 
control (black bar= 100%). The error bars represent the standard error of 
the mean of 2 experiments with 2 replicates per experiment. Acute cytotoxi-
city (D) was determined immediately after the treatment period 
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To determine if PCC100 could repress the tnutagenic activity of the dietary 
heterocyclic aromatic runine, 2-amino-3-methylimidazo-( 4,5:/.)quinoline (IQ), SCGE 
experhnents were conducted with freshly isolated human lymphocytes. The cells were 
treated in suspension in RPMI tnedium with and without PCC 100 for 1 h at 3 7 o C. SCGE 
slides were prepru·ed as described in Section 2.2.6.4. Lytnphocytes activated IQ into a 
mutagen that increased SCGE tail moment values significantly above that of the negative 
control (Figm·e 6-12). PCC1 00, at a concentration range frotn 10- 75 ｾｴｧＯｭｬＬ＠ significantly 
reduced the genotoxic activity of 600 ｾｍ＠ IQ (F5,12 = 18.31, P < 0.001) (Figure 6-12). 
However, there was no concentration-dependent repression. PCClOO (10, 25, and 50 
ｾｧＯｮＱｬＩ＠ completely abolished the DNA damaging capacity ofiQ; these treatment groups 
were not significantly different from the negative control. An increase in response was 
observed with 75 ｾｧＯｭｬ＠ PCCl 00 ru1d 600 ｾｌｍ＠ IQ. However this may be due to increased 
cytotoxicity (30% surviving cells as compared to the negative control of91 %) (Figure 6-
12). Enhru1ced SCGE tail motnent values can be the result of cell death. It is considered 
that SCGE data ru·e not as reliable in samples with viability below 75% (Henderson et al., 
1998). 
Acid-Hydrolysed 
6.3. 7 Separation of, PCCJ 00 with Thin Layer Chromatography and 
A 
Antimutagenic Analysis 
PCC100 was fractionated by Dr. Mru·k Berhow at USDA/ARS using acid hydrolysis 
and thin layer chromatography (TLC) (Section 2.2.5.3). Using silica TLC plates a number 
of compounds were resolved (Figure 6-13). Six fractions from the prepru·ative TLC plates 
were isolated. The final yield of each fraction was approxhnately 5 - 30 n1illigrams. 
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Figure 6-12. Repression of IQ-induced DNA damage by 
PCCJOO. 
The antigenotoxic activity of the soybean PCCJ 00 fraction analysed with 
freshly isolated human lymphocytes in the SCGE assay (gray bars). The 
negative control represents cells not exposed to IQ (white bar). The positive 
control was 600 p.M IQ (black bar). The data were normalised as the percent 
of the positive control (black bar = 1 00%). The error bars represent the 
standard error of the mean of 3 replicates. Acute cytotoxicity (D) was 
determined immediately after the treatment period. 
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Figure 6-13. Thin layer chromatographic analysis of 
PCCJ 00 after acid hydrolysis. 
The precoated JLC plate (silica gel 60 F-254) was developed with 15% methanol 
in dichloromethane. The left-hand lane shows the complete hydrolysed sample, 
and lanes 1 to 6 the fractions obtained after separation of this sample by 
preparative TLC (see Section 2.2.5.3). 
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Six fractions of PCC 100 (PCC 100-TLC 1 through PCC 100-TLC6) were assayed with 
CHO cells grown on the botton1 surface of 15 mm glass culture vials. The cells were 
exposed to 100 J-Lg/ml of each fraction with and without 800 nM 2AAAF for 2 hat 37°C 
under 5% C02• The treatment volume was 500 J!l. After exposure the cells were harvested 
and SCGE slides were prepared and analysed. CHO cell cytotoxicity was determined for 
each treatment group. None of the PCCIOO-TLC fractions was genotoxic or acutely 
cytotoxic to the CHO cells (Figure 6-14). All of the PCClOO-TLC fractions were 
anthnutagenic except PCCIOO-TLC6. However, fraction PCC100-TLC3 exhibited the 
strongest antimutagenic activity against 2AAAF and was not different from the control 
of fraction PCC 100-TLC3 alone. Concentration-response experiments were conducted 
with PCC 100-TLC3 tn1der identical treattnent protocols. The PCC 100-TLC3 fraction 
alone was not genotoxic. With 50-200 ｾｴｧＯｭｬ＠ PCC100-TLC3, there was a concentration-
dependent reduction in the DNA-drunaging activity of800 nM 2AAAF (Figure 6-15). 
6.3.8 Chemical Identification of PCCJOO and PCCJOO-TLC3 
The structural chemical characterisation of PCC 100 and PCC 100-TLC3 was 
conducted by Dr. Mark Berhow at USDA/ ARS using liquid chromatography/mass 
spectroscopy (LC-MS, Fim1egan MAT, Finnegan Corporation, San Jose, CA, USA) and 
nuclear magnetic resonance (NMR, Bruker ARX 400, Manning Pru·k, MA, USA) 
techniques. 
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Figure 6-14. Repression of2AAAF-induced DNA damage by PCCJOO-TLCfractions. 
Antigenotoxicity of PCC fractions isolated with TLC and assayed with CHO cells in the SCGE assay (gray bars). The data 
were normalised as the percent of the positive control (black bar = 1 00%). Negative controls are illustrated as white bars. 
The error bars represent the standard error of the mean of a composite of 3 experiments with 2 replicates per experiment. 
Acute cytotoxicity (D) was determined immediately after the treatment period. 
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Figure 6-15. Repression of 2AAAF-induced DNA damage by 
fraction PCCJOO-TLC3. 
The antigenotoxic activity of the soybean PCCJ OO-TLC3 fraction analysed 
with CHO cells in the SCGE assay (gray bars). The negative controls 
represent cells not exposed to 2AAAF (white ｢｡ＱｾＮ＠ The positive control was 
800 nM 2AAAF (black bar). The data were normalised as the percent of the 
positive control (black bar= 100%). The error bars represent the standard 
error of the mean of 3 experiments with 2 replicates per experiment. 
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When PCC100 was infused into the LC-MS detector, severaltnass ions were detected. 
The mass to charge ratio (m/z) of the tnost protninent peak was 943, with additional ions 
of m/z 797 and 913. This indicated the presence of the M+ 1 ions of soyasaponin I, 
soysaponin V, and soysaponin III, respectively (Figure 6-16). These compounds are 
glycosidic conjugates of soyasapogenin B found in soybeans (Kudou et al., 1992). HPLC 
analysis using a photodiode array detector indicated an unresolved peak which eluted at 
the end of the gradient in nearly pure methanol (Figtu·e 6-9B). The absorbance maximwn 
of this peak was 292 and corresponded to the absorbance found for the 
2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one (DDMP) conjugates that have been 
repotted to be the naturally occurring fotms of saponins in soybean (Kudou et al., 1992). 
However, examination ofPCClOO by infusion into the LC-MS detector failed to show 
any of the DDMP-soyasaponin conjugate tnass ions. PCClOO appears to be a tnixtw·e of 
the group B soyasaponins, possibly with low levels of the DDMP conjugates. It is 
possible that the DDMP-conjugates do not survive the processing process to any 
appreciable extent. 
Identification of the main components ofPCC 100 was achieved by acid hydrolysis and 
the isolation of the resulting products. Acid hydrolysis of PCC 100 yielded at least eight 
compounds as determined by TLC. The isolation of six fractions :fi.·om preparative TLC 
plates showed antimutagenic activity in the first five fractions, with the tnost activity 
residing in fraction PCC 100-TLC3. Fraction 3 appeared to be cotnposed of a single 
compound. C 13 and proton NMR analysis confrrmed this chetnical to be soyasapogenol 
B (Figure 6-17) (3beta: 21alpha: 24-trihydroxolean-12-ene). Mass spectral analysis by 
infusion into a LC-MS system confirmed aM+ 1 mass ion of 459 mlz. 
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Figure 6-16. Soyasaponins identified infraction PCCJOO. 
The structures are soyasaponin I (top left), soyasaponin III (top right) and 
soyasaponin V (bottom). 
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Figure 6-17. The structure ofsoyasapogenol B 
(fraction PCCJ 00-TLC3). 
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6.4 Discussion 
6.4.1 Antimutagenic Activity of Plant Extracts and Chemicals Derived 
from Plants 
Soybean is a major global agricultm·al cotnmodity and the comtnercial products from 
this crop plant are used for food and industry. In 1996, 69% of the world soybean trade 
originated from the United States with the European Union as the primary U.S. market 
for whole soybeans (Soy Stats, 1997). Although westetn cotmtries consmne less soybean 
products as food than Asian nations, soybean is a significant sotuce of phytonutrients in 
the human diet. The ptupose of this research was to develop a mamtnalian cell-based 
procedm·e and calibrate multiple genetic and cytotoxic endpoints to detect chemoprotec-
tive agents fi·om a waste product of com1nercial soybean processing. There exists a vast 
amount of information on the antitnutagenic propetiies of plant extracts and che1nicals 
derived fi:om plants. However, most of the scientific literatm·e is based on antimutagenic 
responses inS. typhimurium or other microbial strains. It was detnonstrated that agents 
that exhibited chemoprotectant effects in bacteria did not always display the satne effect 
in mammals or in manunalian cells (Bu-Abbas et al., 1994a; KnasnTLiller et al., 1996). 
There are comparatively fewer repotis of antimutagenic or antigenotoxic activity of plant 
extracts or plant cotnpounds with intact 1namtnals or manunalian cells. A number of plant 
extracts demonstrated anticlastogenic effects in mice and rats against such agents as 
cyclophosphamide (CP) and aflatoxin B1 (reviewed in Sarkar et al., 1996). Cauliflower, 
spinach and lettuce juices inhibited the n1utagenicity of nitrite cotnbined with nitrosable 
compounds in mice in vivo (Barale et al., 1983). The mutagenicity ofbenzo[a]pyrene 
(BP) in the urine of mice was reduced by lettuce and chard leaf extracts (Perez and Gago, 
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1991 ). It is interesting to note that in a review of plant extracts as tnodulators of genotoxic 
effects, no major agronotnic crops were investigated for potential antimutagenic activity 
(Sarkar et al., 1996). However, a recent study reported the antimutagenicity of aqueous 
and methanol extracts of heated soybeans against heterocyclic amines including IQ, 2-
amino-1-tnethyl-6-phenylimidazo[ 4,5-b ]pyridine (PhiP), and 3-atnino-1 ,4-dimethyl-5H-
pyrido[4,3-b]indole (Trp-P-1) (Oshite et al., 1996). The extracts were evaluated inS. 
typhimurium T A98 and retained their antitnutagenic activity after denaturation with acid 
in vitro. The mechanism for the antimutagenicity was a direct inhibition of activated Trp-
P-1. 
Specific compounds derived from plants inhibited cytogenetic drunage or tnutagenicity 
in mammals or in tnatntnaliatl cells. A constituent of squash flowers was isolated by 
monitoring the antigenotoxic activity of different fractions against tetracycline in the 
tnouse micronucleus test. This cotnpound was chetnically identified as spinasterol 
(Villasenor et al., 1996). Specific cru·otenoids inhibited BP or CP-induced micronuclei in 
tnice (Rauscher et al., 1998). Antitnutagens commonly found in the diet including beta-
carotene and a number of flavonoids antagonized the cytogenetic damage induced in the 
bone marrow by many germ cell mutagens (Waters et al., 1998). Ascorbic acid was an 
effective inhibitor of EMS-induced tnutations in Chinese hamster V79 cells (Kuroda et 
al., 1992). In the same cells a ntunber of green tea catechins were antin1utagenic against 
4-nitroquitloline 1-oxide ( 4NQO) (Kuroda, 1996). Supplementation of the diet with 
ascorbic acid or beta-cru·otene inhibited the mutagenicity induced by N-ethyl-N-
nitrosourea (ENU) in the rat (Aidoo et al., 1994; Aidoo et al., 1995). 
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6.4.2 Antimutagenic Analysis Employing the SCGE Assay 
The SCGE assay is a relatively new teclmique that detects DNA strand breaks, alkali-
labile sites and incomplete excision repair sites in individual nuclei. Although the SCGE 
assay is in wide use, tnost studies have measm·ed increased responses to indicate the 
DNA-datnaging abilities of specific agents. Relatively few experiments have been 
conducted on the possible antigenotoxic activities of compounds. In an in vivo study with 
mice, benzene exposm·e resulted in dose-related DNA damage as evidenced by increased 
SCGE tail lengths in peripherallytnphocytes and bone man-ow cells (Tuo et al., 1996). 
Pretreatment with propylene glycol, a selective CYP2E1 inhibitor, decreased the SCGE 
tail lengths in both cell types. The authors concluded that to sotne extent the tnetabolic 
activation ofbenzene by CYP2E1 contributed to the fonnation oftnetabolites that induced 
increased SCGE tail lengths. The modulatory effect of n1elatonin, the indole hormone of 
the pineal gland and an efficient free radical scavenger was investigated in CHO cells 
using the SCGE assay (Musatov et al., 1998). Preincubation with melatonin reduced the 
genotoxic activities of mutagens including CP, BP and N-methyl-N-nitrosourea (MNU). 
The authors attributed the protective effect of melatonin to its antioxidant activity and its 
receptor-mediated activation of antioxidative enzymes. 
With antigenotoxicity as the endpoint, a number of lactic acid bacterial strains 
prevented the damage induced by N-tnethyl-N ｾｮｩｴｲｯＭｎＭｮｩｴｲｯｳｯｧｵ｡ｮｩ､ｩｮ･＠ (MNNG) in rat 
colon cells under in vitro and in vivo conditions (Pool-Zobel et al., 1996). Celiain strains 
were also antigenotoxic towards 1 ,2-ditnethylhydrazine in the gastrointestinal tract of the 
rat. Viable lactic acid bacteria were necessary for the protective action in vivo. In a human 
dietary intervention study, subjects consmned tomato juice with lycopene for two weeks, 
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canot juice with alpha- and beta-carotene for two weeks and spinach powder with lutein 
for two weeks (Pool-Zobel et al., 1997). Blood was collected weekly and DNA damage 
was analysed in lymphocytes in the SCGE assay. Suppletnentation of the diet with these 
vegetable products resulted in a decrease in the nwnber of strand breaks. During the 
suppletnentation with carrot juice, oxidative base drunage was also reduced. A mechanism 
postulated for the reduction in oxidative DNA damage by vegetable juices was by the 
increased gene expression of cytosolic proteins such as glutathione S-transferase (Pool-
Zobel et al., 1998). 
6.4.3 Antimutagenic Properties of Soybean Molasses and Fraction 
PCC 
The primary goal of the ctul'ent reseru·ch was to detennine if two relatively rapid 
bioassays, the SCGE assay at1d flow cytotnetry could be used to analyse cotnmercial 
soybean by-products for antitnutagenic activity in n1atn1nalian cells. The endpoints of 
DNA strand breaks and whole cell clastogenic drunage were calibrated with forwru·d 
tnutation in a single clone of CHO cells. This clone was sensitive to the mutagenicity of 
2AAAF, EMS and UV (Chapters 4 atld 5). Many soy processing products and by-products 
were efficiently analysed for antimutagenic properties. A complex mixture of waste 
products, soybeat11nolasses, repressed the DNA -dan1aging activity of2AAAF. An ethanol 
extract of soybean molasses, PCC, protected CHL or CHO cells against direct DNA 
damage and clastogenic drunage induced by 2AAAF (Plewa et al., 1998). The antimuta-
genicity of soybean fraction PCC was confirmed with forwru·d mutation at a target gene. 
With subsequent chemical fractionation, decreasing amounts of fractions were produced. 
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The experimental design was n1odified to accommodate smaller yields of samples and 
antilnutagenic properties were followed through this chemical fi·actionation until a single 
compound was identified. 
Three preparations of PCC generated fi·om different soybean sources over a 17 month 
period demonstrated an antimutagenic response. However, the anthnutagenic potency 
differed among the samples. While each PCC srunple significantly reduced the genotoxic 
activity of 2AAAF, PCC2 had the strongest response and was not significantly different 
frotn the negative control. PCC1 and PCC4 were significantly different fi·om the negative 
control (F3,12 = 10.43, P < 0.001). PCC·prepared from different lots of soyberu1s and 
soybeans crushed frotn different yeru·s expressed altered anthnutagenic potency. This is 
similar to the fmding that soyberu1 phytonutrients and chemoprotectants such as flavonoid 
content varied according to variety ru1d crop yeru· (Wang ru1d Murphy, 1994). These data 
suggest that growing conditions, soybean vru·ieties and perhaps soybean processing 
conditions n1ay play impoliant roles in modulating the concentration of chemoprotectants. 
6.4.4 Antimutagenic Properties of Flavonoids 
Twelve isoflavones have been identified fi·mn soybeans and soy-derived products 
(Kudou et al., 1991; Barnes et al., 1994; Wang and Murphy, 1996; Tsukan1oto et al., 
1995). In the tnature soybean, only the glucosides and the tnalonylglucosides are found. 
The acetylglucosides are degradation products of the malonylglucosides while the 
aglycones ru·e degradation products of the glucosides (Kudou et al., 1991; Tsukamoto et 
al., 1995). The degradation products ru·e formed during cotrunercial processing after acid-
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or heat-mediated hydrolysis of the malonylglucosides and the glucosides to fonn the 
acetylglucosides and the aglycones. 
Fractionating PCC into a series of eluates with a C-18 column provided samples with 
distinct che1nical characteristics. Although fraction PCC70 contained all of the soybean 
flavonoids in PCC, it was not the most effective fraction isolated. This is due to the fact 
that some flavonoids in this fraction had genotoxic activity. The soybean flavonoids 
daidzin and genistin repressed 2AAAF genotoxic activity while genistein enhanced DNA 
damage. 
In the SCGE assay the flavonoids, quercetin, kaempferol and rutin were genotoxic in 
human lymphocytes (Anderson eta!., 1997a). In con1bination with the dietary 1nutagens, 
3-amino-1-methyl-5H-pyrido[ 4,3-b ]indole (Trp-P-2) and IQ, the flavonoids produced an 
increase or synergy of response at the lowest doses of the flavonoids followed by 
antigenotoxicity with higher concentrations. Shnilar responses were observed with the 
flavonoids silymarin and 1nyricetin in combination with the dietary mutagen PhiP 
(Anderson et al., 1997b; Anderson eta!., 1998a). 
There has been a great amount of research conducted on the biological effects of 
flavonoids, especially on their anticancer effects. Genistein was reported to have several 
possible anticancer effects, including inhibition of proliferation in numerous cancer cell 
lines and induction of differentiation (Y anagihara et al., 1993; Adlercreutz, 1995; Jing and 
Waxman, 1995; Hempstock eta!., 1998; Onozawa eta!., 1998). Investigators suggested 
that some of the biological effects of genistein might be organ specific, inhibiting cancer 
developtnent at some sites with no effect or an enhancing effect at other sites (Rao et a!., 
1997). 
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The soy isoflavones, genistein, genistin, daidzein, and biochanin A and soy 
phytochetnical con1plex (PCC), exhibited dose-dependent growth inhibition of two 
murine and five htmlan bladder cancer cell lines, although the degree of inhibition varied 
runong lines (Zhou et al., 1998). An evaluation of the ability of genistein, PCC and soy 
protein isolate to inhibit the growth of transplru1table murine bladder cancers in vivo was 
conducted. A reduction in tumour vohunes was observed from tnice treated with 
genistein, 1% dietary PCC, or dietary soy protein isolate by 40%, 48%, or 3 7%, 
respectively. 
In general flavonoids possess antitnutagenic activities- although some including 
genistein are also tnutagenic. Son1e antioxidants including green tea catechins, and the 
flavonoids, luteolin and quercetin suppressed the formation of the heterocyclic amines, 
2-amino-3,8-dimethylitnidazo[4,51Jquinoxaline (MeiQx) and PhiP (Oguri et al., 1998). 
Antioxidants including genistein and daidzein from soy products ｡ｮｾ＠ lycopene, the active 
antioxidant ft·otn tomatoes, inhibited the tnutagenicity of PhiP in S. typhimurium 
(Weisburger et al., 1998). There was generally a close agreement between the antimuta-
genic activities of flavonoids against IQ inS. typhimurium and their inhibition of 7-
ethoxyresoru:fin-0-deethylase (EROD) and 7 -Inethoxyresotu:fin-0-demethylase (MROD) 
(Edenharder et al., 1997). These authors and others implicated the mechanism for the 
anthnutagenic effects of specific flavonoids as an inhibition of cytochrome P-450 
dependent 1A1 and 1A2 n1onooxygenases (Kanazawa et al., 1998). Additional factors 
influenced at1timutagenic activity, because genistein inhibited MROD activity without 
affecting the mutagenicity ofiQ. 
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The enign1a of the antitnutagenic versus mutagenic activity of flavonoids is illustrated 
by genistein. Genistein induced DNA strand breaks and micronuclei in Chinese hamster 
V79, tnouse and human cells (Kulling and Metzler, 1997; Record et al., 1995; Morris et 
al., 1998). In human lymphoblastoid cells, genistein induced n1utation at the tk and the 
hprt loci (Morris et al., 1998). Data presented in this dissertation agree with the 
conclusions cited that genistein expressed genotoxic activity (Plewa et al., 1999). 
General tnechanisms for antimutagenicity include an inhibition in the uptake of a 
mutagen, the inhibition of the endogenous formation of a mutagen, a direct interaction 
between two agents to block activation, the modification of metabolising systems, a 
blocking or competition with reactive molecules, or an alteration of the DNA repair 
systetn. Because 2AAAF is direct-acting in the genetic assays presented in this research, 
possible tnechanisms of the anthnutagenic activity of daidzin and genistin include a direct 
interaction with 2AAAF or a repression of the rate of deacetylation of 2AAAF into a 
nitrenium ion. · 
6.4.5 Antimutagenic or Biological Effects of Saponins 
Saponins are widely distributed in plants, especially in tnany legumes (Price et al., 
1986). Diverse biological properties of saponins have been reported including antioxida-
tive, antitumour-promoting and inhibitory HIV infection activity (Ohminruni et al., 1984; 
Y oshiki et al., 1996; Konoshima et al., 1992; Nakashilna et al., 1989). Soybean saponins 
inhibited the growth of the hutnan colon nun our cell line HCT -15 accompanied by an 
alteration in cellular tnorphology (Rao and Sung, 1995). 
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Cotnpared to the flavonoids there is a paucity of infonnation in the scientific literature 
on the mutagenicity or anthnutagenicity of saponins. One study identified the flavonoid, 
luteolin, as a strong antimutagen against Trp-P-2, inS. typhimurium (Satnejhna et al., 
1995). Other phytochen1icals including chromosaponin I and soyasaponin I did not 
suppress the mutagenicity of Trp-P-2. Nine compounds including three saikosaponins 
were examined for their effects on the n1utagenicity of a direct-acting mutagen, 2-(2-
fiuyl)-3-(5-nitro-2-furyl)acrylamide (AF-2) in S. typhimurium (Ohtsuka et al., 1995). 
Saikosaponin a or c had no effect when treated simultaneously with AF -2, while 
saikosaponin d detnonstrated a slight enhance1nent (20%) in AF-2-induced 1nutagenicity. 
When the saikosaponins were exposed to bacteria previously treated with AF -2, 
saikosaponin d had no effect, saikosaponin c was a weak inhibitor (28%) and 
saikosaponin a inhibited the n1utagenicity of AF-2 by 52%. The antimutagenic responses 
of these co1npotu1ds with nearly identical structures may be different due to their differing 
1nodes of action. 
In the present study fi·action PCC 100 contained chetnicals eluted after passage of PCC 
through the C-18 column with 100% 1nethanol. This fraction expressed the highest level 
of antimutagenic activity of the PCC fractions tested. With HPLC analysis, PCC 1 00 had 
one tnajor and two tninor peaks. PCC 100 was not cytotoxic or genotoxic to CHO cells 
and it was an effective anthnutagen against 2AAAF. In n1ost of these studies 2AAAF was 
used as the positive control and as a representative of armnatic amine mutagens. In order 
to detennine if PCC 100 could repress the action of the dietary heterocyclic arotnatic 
amine carcinogen, IQ, its antimutagenic capacity was analysed with human lymphocytes. 
The promutagen IQ can be tnetabolically activated by hmnan lytnphocytes (Anderson et 
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al., 1997b; Plewa et al., 1997; Anderson et al., 1998a). In this work, PCClOO effectively 
elitninated the tnutagenic in1pact of IQ in hutnan lymphocytes. 
After acid hydrolysis, 
1\ PCClOO was fractionated using thin layer chromatography (TLC). Six fractions from 
the preparative TLC plates were isolated. All of the PCC 1 00-TLC fractions were 
anthnutagenic except PCC100-TLC6. Fraction PCC100-TLC3 exhibited the strongest 
antimutagenic activity against 2AAAF. With PCC100-TLC3, there was a concentration-
dependent reduction in the DNA-datnaging activity of2AAAF. Separation and isolation 
of the chetnical components of PCC 100 revealed it to be a 1nixture of group B 
soyasaponins. HPLC analysis indicated that this fraction might contain son1e of the 
DDMP-soyasaponin conjugates, though this was not confirmed by mass spectroscopy. 
Extensive acid hydrolysis ofPCClOO and exatnination of the isolated products by NMR 
and mass spectroscopy showed the presence of the saponin aglycone soyasapogenol B. 
The data presented here detnonstrated that soyasaponins I, III and V repressed the 
genotoxic capacity of ru·ylamines in CHL and CHO cells and htunan lymphocytes (Plewa 
et al., 1999). PCC100-TLC3 was identified as a single compound, soyasapogenol B, and 
was atl effective antimutagen against 2AAAF in CHO cells. It has been suggested that a 
physiological role of the DDMP-conjugated saponins is to protect the soybean against 
oxygen radicals (Y oshiki et al., 1998). A possible mechanistn of the antimutagenic 
activity of soyasaponins and soyasapogenol B presented in this study is by intercepting 
or competing with reactive molecules. 
Although soyasapogenol B was identified in fraction PCC 100-TLC3 and was an 
effective antitnutagen, it does not exist as such in the soybean by-product PCC. Therefore 
the antilnutagenic activity of soybean by-product PCC can not be directly attributed to 
soyasapogenol B. 
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6.4.6 Summary 
The ｵｾ･＠ of antimutagens and anticarcinogens in the diet has been suggested as the 
tnost effective procedure for cancer prevention (Ferguson, 1994). A large number of 
dietary anthnutagens and anticarcinogens have been identified in the laboratory 
(K.ohhneier et al., 1995). The overall picttu·e is complicated by the fact that smne of these 
are also carcinogens (Gold et al., 1997). It has been estimated that in the U.S. approxi-
tnately 1/3 of human cancer cases are associated with dietary factors (Doll and Peto, 1981; 
Willett, 1995). Chemoprevention studies and dietary tnodification studies are underway 
to identify promising candidates for reduced cancer risk (DeMarini, 1998). The current 
work on isolating antitnutagens and antigenotoxins fi.·otn soybeans may play a role in this 
crucial area of human health. 
6.5 Conclusion 
The SCGE assay and flow cytometric analysis are two sensitive and relatively rapid 
procedtu-es that detect a broad spectrum of genetic drunage in mammaliru1 cells. With 
these techniques, antilnutagenic activity was detected in a cmnmercial soyberu1 processing 
by-product, soyberu11nolasses (SBM), and an ethanol extract of SBM, fi.·action PCC. PCC 
protected CHL or CHO cells against direct DNA damage, clastogenic damage and point 
mutation induced by 2AAAF. PCC 100, a fi.·action eluted with 100% tnethanol fi.·om PCC, 
repressed the genotoxic activity of2AAAF in CHL and CHO cells ru1d the activity of the 
dietary heterocyclic ru·omatic runine, IQ, in hmnan lymphocytes. PCC100-TLC3, a 
fraction of PCC 100 separated by thin layer chromatography was an effective anthnutagen 
against 2AAAF in CHO cells. Analytical chetnical studies identified the compotmds 
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responsible for the antitnutagenic activity of PCC 100 and PCC 100-TLC3. Separation and 
isolation of the chetnical components of PCC 100 revealed it to be a mixture of group B 
soyasaponins. PCC 100-TLC3 was identified as the aglycone soyasapogenol B. This 
research could have significant itnpact on the economic, environmental and public health 
arenas involving the use of cotrunercial agronomic processing waste products. It is 
expensive to dispose of these waste products. In addition, novel soybean antimutagenic 
agents with chetnoprotective activity tnay be isolated. Should these chetnicals prove to 
be effective in repressing dietary chemical carcinogens w1der in vivo conditions a novel 
and economical sotu·ce of chetnoprotective food additives may be available fron1 soybean. 
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CHAPTER 7 
GENERAL DISCUSSION 
In the last fifty years events have occurred that may have global consequences to 
mutation and cancer rates and the incidence of other diseases. In the United States alone, 
the a1u1ual production and widespread distribution of synthetic organic chetnicals 
including pesticides, synthetic rubber and dyes, plastics and preservatives have reached 
amounts in excess of8.2xl010 kg in1997 (Chemical & Engineering News, 1998). In our 
evolutionary history, tnanldnd and all other living organisms have never been exposed to 
these cmnpounds in such quantity. What effects this ever increasing milieu of chemicals 
will have ontnutation rates and genotoxic burden is unknown to a great extent. 
Currently, the mutagenic and genotoxic effects of individual chetnicals are analysed 
independently. However, in everyday life we are chronically exposed to many chen1icals 
simultaneously on a daily basis. An exceedingly hnportant area of genetic research is the 
tnodulation of genotoxic responses of tnutagens by environmental agents, both from the 
standpoint of genotoxic synergy and of anthnutagenesis. 
7.1 Genotoxic Synergy Mediated by Paraoxon 
Genotoxic synergy is a tnodulation in response whereby the cotnbined action of two 
or tnore agents exceeds the sumtned genotoxic potency of the individual agents. 
Synergistic responses are rarely incorporated in risk assessment models, however, such 
responses are extretnely hnportant in establishing the true toxicological characteristics of 
agents that impact upon the environment and the public health (Shelton et al., 1994; 
Taylor et al., 1995). The occurrence of genotoxic synergy is of concern because it 
represents an obvious underestimation of real risk. The toxicological significance of 
tnutagenic synergy may be underestitnated (Gichner et al., 1996; Sugin1ura, 1998). The 
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case of synergy between agents that are global environmental contaminants and 
tnetabolites of widely used pesticides represents an especially insidious threat to the 
enviromnent and the public health and warrants investigation. 
It was recently discovered that paraoxon and several environmental aromatic amines 
interact synergistically to generate an enhanced mutagenic response inS. typhimurium 
strains (Gichner et al., 1996). Paraoxon is the non-mutagenic active metabolite of the 
organophosphorus ester insecticide parathion. Organophospho1us ester insecticides are 
globally employed and are environmental contaminants. Aromatic amines (arylamines) 
are ubiquitous global environmental contaminants as well as dietary agents and are potent 
animal-activated and plant-activated promutagens. The observation that these agents can 
induce a synergistic mutagenic response suggests that their enviro1unental toxicity (and 
perhaps the toxicity of these chemical classes) may be underestimated. Pesticides 
represent a n1ajor source of global conta111ination; approximately 2.6xl09 kg (based on 
active ingredients) are used world-wide atu1ually (World Resources, 1998). The enhanced 
genotoxic phenotnenon associated with agents that m·e global enviromnental contaminants 
raises concen1s about their in1pact not only upon the public health but also on biological 
systems in the environment. 
The data presented in Chapter 3 demonstrated that pm·aoxon can exert a dramatic 
mutagenic synergistic effect in S. typhimurium with a number of mammalian-activated 
or plant-activated aromatic atnines. All monocyclic, bicyclic a11d polycyclic aromatic 
atnines exan1ined exhibited this pm·aoxon-mediated synergy but with differing degrees of 
tnutagenic enhancement (Wagner et al., 1997). People m·e clu·onically exposed to 
chemicals in this group including tnonocyclic arylatnines that have been classified as 
268 
ubiquitous envirotunental contan1inants, other recognised environmental hazards and 
heterocyclic dietary carcinogens. 
In hmnan cells paraoxon tnodulated the genotoxic potency of arotnatic amines (Plewa 
et al., 1997). For the tnonocyclic aromatic atnine, mPDA, there was a conespondence 
between a synergistic mutagenic effect in S. typhimurium and a synergistic genotoxic 
effect in the single cell gel electrophoresis (SCGE) assay with htunan lymphocytes. With 
the dietary heterocyclic aromatic runines, IQ and PhiP, a synergistic tnutagenic response 
with pru·aoxon was exhibited inS typhimurium. However, genotoxic damage was slightly 
increased in human lymphocytes only with low paraoxon concentrations. At higher 
pru·aoxon concentrations, an antigenotoxic response in the lymphocytes was observed. 
Clearly the concentrations of both IQ or PhiP and pru·aoxon are in1portru1t in the 
tnodulation of the genotoxic response. General conclusions on the correspondence of a 
tnutagenic synergy in S. typhimurium ru1d genotoxic synergy in human lyn1phocytes can 
not be drawn with so few arotnatic runines exatnined in both assays. 
Under real world conditions all living organisms ru·e exposed to a tnultitude of agents. 
The genotoxic synergy between pru·aoxon atld ru·omatic amines raises concerns about the 
environtnental impact and underesthnation of risk posed by organophosphorus ester 
insecticides. The oxon-tnediated tnutagenic synergy described here tnay be manifested by 
other insecticides of this chen1ical class. It was repo1ted that another organophosphorus 
ester insecticide, malathion, enhanced fish S9 metabolic activation of 2-aminoanthracene 
and 2-acetylaminofluorene (Rodriguez-Ariza et al., 1995). Since tnalathion is n1etabolised 
to malaoxon these findings may be the result of an axon-mediated n1utagenic synergy. 
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Possible mechanistns for the mutagenic synergy inS. typhimurium included a chemical 
reaction between paraoxon and the arotnatic runine to generate a tnore potent tnutagen, 
a n1odification in the metabolism of the aromatic an1ine, a tnodification of the stability 
of an intetmediate, or ru1 alteration of the DNA repair systetn inS. typhimurium. Sotne of 
these n1echanis1ns were investigated using spectrophotmnetric analysis, time cotuse 
experiments and S. typhimurium strains differing in the expression of error-prone DNA 
repair pathways. The 1nutagenic synergy required ru1 activated ru·otnatic runine. There was 
a significant con·elation between an increase in mutagenicity n1ediated by paraoxon and 
an increase in the degree of planarity of the amine agent. Paraoxon did not have a direct 
effect on 2AAAF that could account for the observed tnutagenic synergy. The pru·aoxon-
tnediated 1nutagenic synergy was not attributable to the generation of new tnutagenic 
products or to the modification of the stability of the activated aromatic amine products. 
With 2AAAF as the substrate, the synergy apperu·ed to require the enor-prone DNA repair 
pathway expressed in S. typhimurium T A98. However, with S9-activated or plant-
activated mPDA, the error-prone DNA repair pathway was not hnplicated as a 
mechanism. Funu·e studies must be conducted with additional ru·otnatic amine substrates 
before conclusions on the role of error-prone DNA repair can be defined as a possible 
mechanism of the paraoxon-tnediated tnutagenic synergy. Other mechanistic studies could 
include the use of ru1other short-te1m assay based on the induction of the umuC promoter 
inS. typhimurium strain NM3009 (Oda et al., 1993). This assay measures enhanced 
expression of error-prone DNA repair. If the fidelity of repair is unaffected by paraoxon, 
another possible mechanistn is a change in the rate of repair. This could be tneasured by 
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SCGE n1ethods as the removal of DNA lesions and the repair of single and double strand 
breaks in mrurunalian cells over tin1e. 
In future studies it would be prudent to determine the extent of synergistic interaction 
between other oxons of widely used insecticides such as tnalathion and fenitrothion with 
specific environmental aromatic runines to assess whether the pru·aoxon-tnediated synergy 
is part of a n1ore general phenomenon. Paraoxon can induce either genotoxic synergy or 
at1tigenotoxicity in human cells depending on its concentration. The ability of pru·aoxon 
and other insecticide oxons to n1odulate the DNA-damaging capacity of dietary ru1d other 
arylamines in human lymphocytes is an important ru·ea for futtu·e study. Another 
hnportant topic for future work would include a c01npru·ison of the mutagenic synergy in 
S. typhimurium with mutagenic synergy at a target gene (e.g. gpt or hprt) in tnammalian 
cells. An enhancement of the tnutagenicity or DNA-drunaging abilities of environmental 
aron1atic an1ines by paraoxon and other related oxons could result in increased genotoxic-
related negative health effects and atl increased genotoxic burden to biological systems 
in the environment. 
7.2 Comparison of the Single Cell Gel Electrophoresis (SCGE), 
Flow Cytometry and Forward Mutation Assays 
The studies described in Chapters 4 and 5 consisted of an ru1alysis, calibration and 
comparison of a battery of assays that tneasured different types of genotoxic events at the 
level of DNA, the gene and the chromosotne. A clone of the CHO AS52 cell line was 
isolated and characterised with flow cytometry. The spontaneous and EMS-induced 
mutation frequencies of this clone were determined at the gpt tru·get gene. Three diverse 
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biological endpoints of this clone were analysed under identical treatment conditions with 
the mutagens 2AAAF, EMS and UV (Wagner et al., 1998a; Wagner et al., 1998b). The 
endpoints were acute DNA drunage as detected in the SCGE assay, chrotnosome damage 
detected as whole cell clastogenicity with laser beatn flow cytometry and forwru·d 
tnutation at the gpt tru·get gene. The SCGE assay is gaining widespread use in genetic 
toxicology, yet very few studies have quantified this assay with other genetic endpoints 
such as fotwru·d tnutation in the srune cell line under identical treatment conditions. It has 
been suggested that the SCGE assay could be used as an enviromnental tnonitor for 
genetic datnage, however, the significance of an increased response in the SCGE assay 
is unknown. 
In the present work, there were statistically significru1t increases in DNA damage in 
the SCGE assay with 2AAAF, EMS and UV radiation. Analysis of the CV values with 
flow cytometry revealed statistically significant increases in chrotnosotne drunage with 
2AAAF and EMS but not with UV radiation. Forwru·d tnutation was induced with all tlu·ee 
n1utagens at n1uch lower concentrations. With the chetnicaltnutagens, 2AAAF and EMS, 
there was a high conelation between the SCGE assay and the forwru·d mutation assay and 
also between the SCGE assay and flow cytometry. There was no significant con-elation, 
however, between flow cytotnetry and forwru·d mutation. With UV, only the SCGE assay 
and flow cytotnetry were con-elated. 
Variations of the intragenotnic distribution of DNA dan1age for each tnutagen was 
expressed in the SCGE assay. A non-rru1dmn or non-unifonn distribution of DNA damage 
throughout the genmne was indicated with the chetnical mutagens, 2AAAF and EMS, and 
a tmifonn distribution was expressed with UV radiation. A non-random distribution of 
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DNA damage in a plant cell line and in intact plants was demonstrated by other 
researchers with specific alkylating agents (Stavreva et al., 1998; Giclmer et al., 1999). 
The relative sensitivity of the assays measuring acute DNA datnage, whole cell 
clastogenicity and forward mutation was cotnpared with a nutnber of approaches that 
included the fold increase in response over the respective control, the concept of a 
genotoxic index where the data were normalised for concentration, and the comparison 
of the lowest concentration of an agent that was statistically higher than the respective 
control in each assay. Each approach had unique advantages and litnitations. Based on 
fold increases in response, the SCGE assay was the most sensitive to 2AAAF- and EMS-
induced damage. At low doses ofUV, mutation induction was tnore sensitive; the SCGE 
assay and mutation induction were equally sensitive at higher doses. Different results 
were obtained with the approaches based on genotoxic index values and on the lowest 
statistically significant concentration. With these two tnethods of cotnparison the n1utation 
assay was the tnost sensitive. 
There has been a demand for rigorous validation of the SCGE assay, because of its 
wide-spread use, differing treatJ.nent protocols, and varying criteria for a positive response 
(Ashby, 1995; Fairbairn et al., 1995; Tice, 1995; Anderson et al., 1998b; Henderson et 
al., 1998). The SCGE assay displayed a high sensitivity and a high specificity for 
carcinogens (Anderson et al., 1998b ). However, for the ptu-poses of this study, a literature 
survey revealed few papers that investigated the SCGE assay and mutation induction in 
the same cells using identical treatment protocols. Further studies of this type are needed 
to gain an understanding of the relative sensitivity of the SCGE assay and mutation 
induction. Another point for future data presentation concerns the computerised itnage 
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analysis systems used for SCGE analysis that tneasure a ntunber of paratneters 
autotnatically. The scientific literattu·e would benefit if published data included tnore 
parruneters as has been suggested by others (Tice, 1995). This would allow for extensive 
data interpretation and explorations into ru·eas such as mutagen-specific variations in the 
intragenomic distribution of DNA drunage which ru·e impossible to determine in many of 
the current papers. 
7.3 Antimutagenic Activity of a Commercial Soybean Processing 
By .. Product 
One approach to reduce the rate of cancer incidence is to increase the public 
consutnption of ru1timutagens and anticarcinogens obtained from agronotnic crops. 
Soybean is one of the major agronomic products of the United States. Isoflavones, 
protease inhibitors and some ru1tioxidants folllld in soybeans have been reported to reduce 
the potency of tnutagens or tnodulate the induction of tlll110urs in experimental animals 
(Messina et al., 1994a; Knight and Eden, 1996; Steinmetz and Potter, 1996; Kurzer and 
Xu, 1997). Although health benefits and anticancer properties of soybean have been 
reported, no analysis of commercial processing waste by-products of an agronomic crop 
for cancer chetnoprotective agents or for antimutagens has been conducted. 
The calibration studies (Chapters 4 ru1d 5) served as the fotmdation for the use of flow 
cyton1etry and the SCGE assay in these ru1titnutagenesis investigations. One llllique aspect 
of this reseru·ch on antimutagenesis with nlatntnalian cells was the employment of these 
two methods that detected different endpoints of drunage, acute DNA damage in 
individual nuclei with the SCGE assay and whole cell clastogenic datnage with flow 
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cytometry. These assays were etnployed to analyse soybean processing by-products for 
their ability to repress mutation, induction of DNA strand breaks and clastogenic damage 
after exposure to carcinogens (Chapter 6; Plewa et al., 1998). This research was an 
integrated collaboration runong scientists representing industry, govenunent ru1d academia 
(Figure 7-1). Soyberu1 processing by-products were provided by Dr. Eric Gugger at 
Archer Daniels Midland Cotnpany. The by-products were evaluated for antimutagenic 
activity and those exhibiting biological activity were sent to Dr. Mark Berhow at the 
USDA/ ARS for chetnical fractionation. These fractions were analysed for antimutagenic 
activity and the cycle was repeated lmtil individual cotnpolulds were resolved. 
Anthnutagenic activity was detected in a cominercial soyberu1 processing by-product, 
soyberu11nolasses and in ail ethanol extract, fraction PCC. PCC protected CHL or CHO 
cells against direct DNA datnage, clastogenic datnage and point tnutation (gpt) induced 
by 2AAAF. PCC was fractionated into a series of eluates that displayed distinct 
antimutagenic activities. PCC70, a 70% tnethanol fraction eluted from a reverse phase 
C 18 column contained all of the isoflavones isolated fr01n PCC. Although this fraction 
contained isoflavones it expressed a rather low level of antigenotoxic activity. When 
individually analysed, sotne flavonoids in this fraction had genotoxic activity. Daidzin and 
genistin repressed the genotoxic activity of 2AAAF in the SCGE assay. Genistein 
enhanced 2AAAF -induced DNA damage by more thru1 twice the damage of2AAAF alone 
(Plewa et al., 1999). The positive health benefits of isoflavones are currently a popular 
topic, however, caution should be exercised to take into accolult any negative effects. 
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Figure 7-1. The partnership among the University of Illinois, 
ADM and USDAIARS in the antimutagenesis project. 
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PCC100, a 100% n1ethanol eluate fraction of PCC, expressed the highest level of 
anthnutagenic activity of the PCC fractions tested. PCC100 was an effective antilnutagen 
against 2AAAF in CHO and CHL cells. PCC100 repressed the tnutagenic activity of the 
dietary heterocyclic ru·otnatic amine, IQ, in human lytnphocytes (Plewa et al., 1999). 
Analytical chetnical studies identified the cotnpounds responsible for the anthnutagenic 
activity of PCC100 and of a fi.·action of PCC100 separated with thin layer chrotn-
atography, PCC 100-TLC3. PCC 100 was a tnixture of the soyasaponins I, III, and V, 
whereas PCC 100-TLC3 was identified as the aglycone soyasapogenol B. 
This study demonstrated a successful proof-of-concept. Prior to these studies, it was 
an intellectual exercise to postulate the efficient analysis of n1any processing products 
and by-products for antimutagenic properties in a 1natnn1alian cell system. The 
collaboration between chemists and biologists was the key to the success of this project. 
Fractions with the beneficial biological activity were identified; greater runounts of these 
fractions were generated ru1d subsequently fractionated for additional biological analysis. 
In later work experin1ental designs were tnodified to accon1modate the decreasing 
amotn1ts of fi.·actions that were generated for analysis. The final yield of sotne fractions 
was approxitnately 5- 30 tnilligrams. The modifications included seeding mrunmalian 
cells onto glass vials with a diameter of 15 111111 and reducing the total treattnent volutnes 
to 500 J..tl. The exchange of information continued until the at1timutagenic properties were 
traced and a single compound was identified. 
Tins approach to anthnutagenesis could have a significru1t hnpact on two fi.·onts, the 
reduction of industrial waste products with their associated costs frotn cotntnercial 
soybean processing and the isolation of novel soyberu1 ru1thnutagenic agents with 
277 
chen1oprotective activity that 1nay help to reduce cancer rates. Should these che1nicals 
prove to be effective in repressing the carcinogenicity of dietary che1nicals under in vivo 
conditions, a novel source of chetnoprotective food additives may be available frotn 
soybean. A possible avenue for future research includes the analysis of the antimutagenic 
fractions for their ability to repress carcinogenicity of dietary chemicals under in vivo 
conditions, e.g. in a 1nouse model. The :fi.·action could be incorporated into the mouse diet 
and any protective effects could be analysed with the SCGE assay or with flow cytometry. 
Additionally some of the mechanisms of the antimutagenic activity could be elucidated. 
One possible n1echanism is an increase in the rate of DNA repair. The SCGE assay could 
be e1nployed to n1easure the re1noval of DNA lesions and the repair of single and double 
strand breaks in mammalian cells over time. 
Additional future studies in this area would con1prise the san1e type of analysis with 
cotnmercial processing products of other ilnportant agronomic crops such as maize and 
rice as sources of antimutagens. This research could have a significant hnpact upon the 
value of materials that are essentially discarded currently and could constitute a step 
toward the future when crops would be raised for their pharmaceutical as well as 
agronomic value. 
7.4 Conclusions 
This research project focussed on two studies of the tnodulation of mutagenic and 
genotoxic responses by environn1ental agents and agronomic by-products. This is an 
exceedingly important and pertinent area of research. One study concentrated on an 
enhancement in the genotoxic response that was the result of synergy. Most genetic risk 
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assess1nents involving more than one chemical are based on the simple su1n of the 
individual effects of two or n1ore chen1icals. The occunence of genotoxic synergy is of 
concern because it represents an underestimation of real risk. 
In the present study, a tnetabolite of a widely used pesticide, paraoxon, exerted a 
drrunatic n1utagenic synergistic effect in S. typhimurium cells with a ntunber of 
mammalian-activated or plant-activated ru·otnatic amines. In addition, pru·aoxon 
modulated the genotoxic potency of dietruy heterocyclic ru·otnatic amines in htunan cells. 
This synergy may be an in1portru1t phenotnenon because all of the aromatic amines 
studied exhibited this synergy, the aromatic runines encompassed a wide range of 
suucttu·es and dimensions ru1d many of the aromatic amines ru·e cotnmonly found in the 
enviromnent. In both the developed and developing regions of the world there is nearly 
universal exposure to organophosphorus ester insecticides and aromatic runines. The 
results of this study raise the concern of the environmental effects of organophosphorus 
ester insecticides under conditions where people ru·e exposed to a multitude of genotoxic 
agents. 
The other example of n1odulation was represented by a decrease in the genotoxicity 
of one chemical by the action of another agent. Numerous commercial soybean processing 
products and by-products were analysed for their antimutagenic and antigenotoxic 
activities. The experimental designs were n1odified to provide an efficient screen for these 
properties. This reseru·ch was conducted in collaboration with chemists who fm1her 
fi·actionated and identified the chetnical cotnpounds responsible for the anthnutagenicity. 
This study demonstrated a successful proof-of-concept. Antimutagenic activity was 
detected in a commercial soybean processing by-product, soybean molasses and in an 
279 
ethanol extract, fraction PCC. PCC protected 1nat.n1nalian cells against direct DNA 
damage, clastogenic damage and point mutation (gpt) induced by 2AAAF. PCC was 
fractionated into a series of eluates that displayed distinct anthnutagenic activities. 
Although the fraction eluted with 70% 1nethanol contained all of the isoflavones isolated 
from PCC, it expressed a rather low level of ru.1tigenotoxic activity. This was explained 
by the fact that when the flavonoids were individually analysed, genistein was found to 
enhance the DNA damage induced by 2AAAF. The fraction eluted with 100% methanol, 
PCC100, expressed the highest level of antimutagenic activity of the PCC fi·actions tested. 
PCC 100 was an effective antimutagen against 2AAAF in CHO and CHL cells and 
repressed the mutagenic activity of the dietru.·y heterocyclic armnatic amine, IQ, in human 
lymphocytes. Analytical che1nical studies identified the co1npounds responsible for the 
anthnutagenic activity of PCC 1 00 and a fraction of PCC 100 sepru.·ated with thin layer 
chromatography, PCC 100-TLC3. PCC 100 was a mixture of the soyasaponins I, III and 
V. PCC100-TLC3 was identified as the aglycone soyasapogenol B. 
This approach to at.1timutagenesis could have a significant hnpact upon the value of 
materials that are essentially discarded currently and could be exploited to investigate 
other important agronomic crops as sources of anthnutagens. Other chemoprotective 
agents could eventually be identified for future benefit for the public health. 
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